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ABSTRACT OF DISSERTATION 
THE INFLUENCE OF CRYOGENIC MACHINING ON SURFACE INTEGRITY AND 
FUNCTIONAL PERFORMANCE OF TITANIUM ALLOYS FOR BIOMEDICAL 
AND AEROSPACE APPLICATIONS 
The excellent properties of titanium alloys such as high strength, as well as good 
corrosion and fatigue resistance are desirable for the biomedical and aerospace industry. 
However, the same properties that make titanium alloys desirable in high-performance 
applications also make these space-age materials “difficult-to-machine” materials, as the 
titanium alloys exhibit high cutting temperatures because of their high strength and low 
thermal conductivity.  
Cryogenic machining is a severe plastic deformation (SPD) processes which uses 
liquid nitrogen as the coolant to take away the heat generated during machining in a 
relatively short time. Cryogenic machining can significantly reduce the cutting 
temperatures at the tool-workpiece interface, thereby improving the surface integrity of the 
manufactured components. This dissertation presents the results of experimental and 
numerical investigations of the effects of different cooling conditions on the machining 
performance and machining-induced surface integrity of Ti-6Al-7Nb and Ti-5553 alloys. 
Surface integrity and residual stresses induced by cryogenic machining are studied and 
compared with dry machining. Corrosion tests were also conducted to study the influence 
of machining parameters on the corrosion resistance of machined Ti-6Al-7Nb alloy.   
The results of the numerical and experimental studies show that compared with dry 
machining, cryogenic machining generates superior surface finish, along with higher 
surface layer hardening. The sub-surface residual stress profile is more compressive after 
cryogenic machining, and evidence of nanostructured grains is also observed in the 
influenced surface layer under both cooling conditions. Also, cryogenically-cooled 
machined sample showed better corrosion resistance compared with dry machined sample.  
KEYWORDS: Cryogenic Machining, Ti-6Al-7Nb alloy, Ti-5553 alloy, Surface Integrity, 
Residual Stress, Nanostructure 
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CHAPTER 1.  
                                                               INTRODUCTION 
1.1 Background 
Titanium alloys have been widely utilized in various industrial applications, since 
they were discovered in early 1700s. For aerospace and biomedical industries, specifically, 
titanium alloys are particularly desirable due to their inherent material properties such as 
high specific strength and excellent fatigue and corrosion resistance. For biomedical 
applications these properties help to mitigate fatigue damage, which is extremely important 
when they are used in regions of the body (such as joints) which experience cyclical 
loading. Moreover, such implants typically have high biocompatibility with the human 
body, which helps to avoid adverse tissue reaction and implant rejection. In the aerospace 
industry, titanium alloys have been commonly used to satisfy multiple functional demands, 
such as commercially pure titanium has been selected for water supply systems and piping 
where good corrosion resistance and formability needed for the material (Inagaki et al., 
2014); Ti-6Al-4V alloy is widely used for airframe and engine parts, due to its high 
temperature strength, fracture toughness, etc. (Kuroki et al., 2014); Ti-5553 alloy is 
recently developed and used in the aerospace industry for landing gear and other key 
components, due to its superior mechanical properties (Yan et al., 2013).    
Among titanium and its alloys, commercially pure (CP) titanium and Ti-6Al-4V 
alloy are among the most widely materials used in these specific industries. Nevertheless, 
because of the relatively poor mechanical properties of CP Titanium (low strength, 
difficulty in polishing and poor wear resistance), its application is limited. On the other 
hand, α+β titanium alloy Ti-6Al-4V has been reported to contain toxic elements, which 
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may cause long-term damage in human body (Morant et al., 2003). With increasing 
industrial demand, new types of titanium alloys have been studied over the last several 
decades. Therefore, new types of titanium alloys which possess excellent mechanical 
properties have been developed to fulfill these requirements, such as β and near β types 
titanium alloys, Ti-5553 alloy is one such example. Another would be Ti-6Al-7Nb, which 
was developed as a potential replacement for Ti-6Al-4V alloy in biomedical industry. 
However, titanium alloys are considered as difficult-to-machine materials. Their 
high strength and low thermal conductivity results in high cutting temperatures and 
formation of adiabatic shear bands, which leads to rapid tool-wear, high dynamic loads, 
and unwanted tool vibration. Therefore, the machining process has a major impact on the 
properties of titanium alloys components. 
For over the last few decades, a significant amount of experimental work has been 
conducted on titanium alloys at universities and corresponding industries for the purpose 
of improving their properties to meet the functional requirements of components produced 
in industries. In order to improve the cutting tool-life during machining titanium alloys, 
and to obtain high dimensional accuracy and good surface integrity characteristics (such as 
ultra-fine grain, low surface roughness, high surface hardness, compressive residual 
stresses, etc.) which benefit the performance of components, cryogenic machining with 
liquid nitrogen applied as coolant has been developed as a method for improving the tool 
life and surface integrity of processed titanium alloys (Shokrani et al., 2016; Jawahir et al., 
2016).     
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1.2 Overview of The Dissertation 
This dissertation work is focused on the surface integrity enhancement of titanium 
alloys induced by cryogenic machining. In chapter two, a literature review regarding 
applications of titanium alloys in biomaterial and aerospace industries is presented along 
with experimental and numerical studies of titanium alloy processing. Process-induced 
surface integrity improvements generated from cryogenic machining are then discussed in 
order to better understand the potential impact of this methodology.  
Chapter 3 presents the machining performance of titanium alloys Ti-6Al-7Nb and 
Ti-5553 under different cutting parameters (cutting speeds and feeds rate) and cooling 
conditions (dry, flood-cooled, cryogenic and MQL). Cutting forces and temperatures are 
monitored during machining, which helps facilitate analysis of cutting tool wear and 
machining-induced microstructures.  
In Chapter 4, the experimental results of surface integrity characteristics from 
machining of titanium alloys have been presented. The utilized machining parameters 
employed during these experiments are identical to those used in the previous chapter. The 
surface integrity parameters under investigated are surface roughness, surface and sub-
surface microhardness, grain orientation, and residual stresses. X-ray diffraction (XRD) 
characterization of machined Ti-6Al-7Nb alloy was also conducted to investigate the 
machining-induced microstructural changes such as deformed layer formation, grain size 
changes, etc.    
In Chapter 5, corrosion tests were conducted under specific environmental 
constrains. Machined Ti-6Al-7Nb alloy samples were subjected to a 0.9% NaCl solution 
and their material response was measured and analyzed. This was compared to as-received 
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samples in order to characterize the impact of cryogenic machining on corrosion resistance 
of this alloy.  
Chapter 6 presents details of the numerical investigation of dry and cryogenic 
machining of Ti-6Al-7Nb and Ti-5553 alloys. Finite element method (FEM) based 
simulations were constructed and developed to predict cutting forces and temperatures and 
to characterize grain size evolution during machining along with deformed layer 
predictions. Microhardness in the surface and sub-surface of machined Ti-6Al-7Nb and Ti-
5553 alloys was also predicted for different machining conditions. Good agreement 
between experimental and simulation results was achieved. 
Conclusions of this dissertation work are presented in Chapter 7. The future work 
based on the results of experimental and analyzed work are discussed and presented in the 
last chapter.   
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CHAPTER 2.  
                                                        LITERATURE REVIEW 
2.1 Applications of Titanium Alloys in Aerospace and Biomedical Industries 
Titanium and its alloys are among the common metallic materials that have been 
used in industries, since titanium was discovered by William Gregor in 1791 and given the 
name of Titans by Klaproth in 1795 (Leyens et al., 2003). It is the fourth most abundant of 
all commonly used- structural metals. As element, titanium has high melting point of 1668 
℃ and a hexagonal closely packed (hcp) α-phase crystal structure at temperatures of up to 
the β-transus temperature of 887 ℃, beyond which the crystal structure is primarily body 
centered cubic (bcc). Based on the crystal structure, titanium can be classified into multiple 
types of α, near α, α+β, β, and metastable β (Collings, 1984; Polmear, 1981). Therefore, to 
maintain different microstructures at room temperature, alloying elements are used as 
stabilizers and can be cataloged as: (1) α stabilizers, such as Al, N, C and O; (2) β stabilizers, 
such as V, Nb, Mo, Co, Mn and Si; (3) neutrals, such as Zr. As shown in literature (Li et al., 
2014; Banerjee et al., 2005), the unique properties of different types of titanium alloys are 
dependent on the composition of the alloying elements, the relative proportion of α and β 
phases, and thermo-mechanical treatment during processing.  
Titanium alloys have been commercially produced by the Titanium Metals 
Company of America (TMCA) since around 1950, and have been extensively used in 
aerospace and biomedical industries because of their combination of excellent properties. 
For instance, high strength-to-weight ratio (which is maintained under high load and 
temperature), good corrosion resistance in various environments and excellent fracture 
resistance (Ezugwu et al., 1997; Long et al., 1998).  
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2.1.1 Applications of Titanium Alloys in Biomedical Industry       
Due to the rapid demand of replacing failed tissue with artificial instruments, the 
increasing amount usage of biomaterials has attracted great attention from biomaterial 
industry. The demand for biomaterials used as hard tissue replacement, such as 
cardiovascular and dental implants, artificial hip joints, etc., (Figure 2-1) is increasing very 
rapidly. For these types of biomedical applications, metallic biomaterials are the most 
suitable material choices. The main metallic biomaterials are cobalt alloys, stainless steels 
and titanium based alloys (Niinomi et al., 2003). 
Figure 2-1: (a) Metallic replacement of hip joints; (b) dental implants; (c) polymer 
balloon used in deployment of a coronary stent. Adapted from (Pruitt and Furmanski, 
2009) with permission. 
Within past decades, titanium and its alloys have been considered to be one of the 
most attractive metallic biomaterials, because of their excellent biocompatibility, good 
mechanical strength and corrosion resistance. The elasticity of titanium is about half value 
(a) (b) 
(c) 
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of cobalt based alloys. The low modulus of elasticity of titanium is the benefit for the 
application of biomaterials. Among titanium and its alloys, commercially pure titanium 
(CP-Ti) and Ti-6Al-4V are the most widely used in biomaterial industry (Niinomi M., 
2008).  
The original development of CP-Ti and Ti-6Al-4V alloy was driven by the needs of 
the aerospace industry. However, the poor material properties of CP-Ti (low strength, 
difficulty in polishing, poor wear resistance, etc.) and toxic elements in Ti-6Al-4V alloy 
(the release of Vanadium ions from Ti-6Al-4V alloy might cause long-term health 
problems), the requirements of new type titanium alloys have been highly interested (Rao 
et al., 1996; Okazaki, 2001). Therefore, new types of titanium alloys, which consist of non-
toxic and non-allergic elements with excellent mechanical properties and workability, have 
been developed. These alloys include Ti-Nb-Zr-Ta, Ti-Mo-Zr-Fe, and Ti-Nb-Zr. One of the 
most prominent alternatives, though, is Ti-6Al-7Nb alloy (Wong et al., 2012). 
Ti-6Al-7Nb alloy was first developed in 1977, where the nontoxic element Niobium 
has been used as a substitution for Vanadium to stabilize the β phase in the Ti-Al-Nb 
system, thus creating the desirable α+β two phase microstructure. A comparison of 
mechanical properties (Table 2-1) between Ti-6Al-4V and Ti-6Al-7Nb alloys shows the 
similarity of those two titanium alloys. 
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Table 2-1: Material properties (Titanium Information Group, 2013). 
Material 
Tensile 
strength 
Yield strength Thermal 
conductivity 
(w/m-k) 
Elongation 
(%) 
Reduction 
of Area (%)
(Ksi) (MPa) (Ksi) (MPa) 
Ti-6Al-4V 138 950 128 880 6.7 14 36 
Ti-6Al-7Nb 142 980 131 900 7 17 45 
Metallic implants used to fulfill the functions of human hard tissue should be body 
friendly and have excellent corrosion resistance in fluid environments. In recent years, 
titanium and titanium alloys have been the most widely employed materials used in surgical 
implant operations, because of their excellent biocompatibility. Investigations revealed that 
compared to Ti-6Al-4V alloy, the improved mechanical properties and biocompatibility 
(Choubey et al., 2004; Khan et al., 1999), Ti-6Al-7Nb alloy has been used as hip stem and 
dental implants in clinic since it was introduced in 1980s. The typical applications of Ti-
6Al-7Nb alloy are shown in Figure 2-2.  
Additionally, Ti-6Al-7Nb alloy exhibits excellent workability, compared with most 
of Titanium alloys. It can be cast, hot forged, hot rolled and manufactured into different 
shapes of biomedical products. The combination of excellent properties and workability, 
Ti-6Al-7Nb alloy has been very attractive to biomedical industry for reducing operational 
costs and maintaining product life (Kobayashi et al., 1998).  
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Figure 2-2: Implant made of Ti-6Al-4V alloy: (a) Hip stem (Ribbeck-stem cementless); 
(b) and (c) Dental screw. Adapted from (Lavos-Valereto et al., 2001) with permission. 
2.1.2 Applications of Titanium Alloys in Aerospace Industry 
Titanium and titanium alloys are remarkable candidates for the aerospace industry, 
due to their excellent material properties, such as high strength to weight ratio, superior 
corrosion resistance and fracture toughness. With the stringent requirements of the 
aerospace industry, new types of titanium alloys which have excellent properties have been 
developed. Due to the development of titanium family, there has been tremendous growth 
in the potential applications of titanium and its alloys as aircraft components (Boyer, 1996; 
Williams and Starke, 2003).  
The development of new titanium alloys such as β and near β alloys which have 
increased strength and fracture toughness, has fulfilled the demands of new generation of 
aircraft components in commercial and military applications. The use of β-titanium alloys 
in aerospace applications began in the 1960s, and continued to be used in more important 
(a) (b) 
(c) 
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applications from 1970’s till now. Ti-6Al-4V alloy was the most commonly used titanium 
based alloy as aerospace materials, and it was exceeded by β-alloys when the new Boeing 
777 aircraft was developed in the 1990s (Lutjering and Williams, 2007). Due to the 
superior strength-to-weight ratio, life cycle fatigue and excellent corrosion resistance, β-
alloy, Ti-10V-2Fe-3Al was utilized as landing gear structure material to reduce the weight 
of structure (with hundreds of kilograms of weight savings compared with steel). More 
examples of β-type of titanium alloy usage in the Boeing 777 aircraft include the aircraft 
springs, control system ducting, clips and floor support structures. These components are 
composed of Ti-15V-3Cr-3Al-3Sn alloy, due to its excellent formability and ability to be 
strip produced (Boyer et al., 2005).  
One of latest developed β-titanium alloy is Ti-5553 alloy, due to the favorable 
mechanical properties. Ti-5553 alloy has been considered as suitable material to replace 
traditional titanium alloys, such as Ti-6Al-4V alloy, in the aerospace industry for producing 
components such as advanced structure, landing gear (Baili et al., 2011; Ugarte et al., 
2012), nacelles, fuselages and wings (Boyer and Bridds, 2005). As a near β-titanium alloy, 
Ti-5553 alloy contains a large amount of β stabilizing elements such as V, Mo and Cr, 
which are the factors used to depress the average temperature of β-transus to 856 ℃ 
(Fanning, 2005).  
Ti-5553 alloy exhibits high strength and toughness at elevated temperature, and 
excellent hardenability characteristics, which helps to reduce the strength loss after heat 
treatment and air cooling. The advanced weldability and castability of Ti-5553 alloy have 
also attracted great attention for the manufacturing of high loaded aerospace components, 
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and the previously mentioned superior properties of Ti-5553 alloy also make it reasonable 
to replace Ti-10V-2Fe-3Al alloy in aerospace applications.  
Compared with α+β titanium alloys, the higher density and lower ductility are the 
main disadvantages of metastable β alloy. In order to obtain higher toughness of Ti-5553 
alloy, new heat treatment methods have been developed to enhance material strength 
during manufacturing process. The common methods used for Ti-5553 alloy are beta 
annealed and slow cool age (BASCA) and solution treatment and ageing (STA) heat 
treatments (Bartus, 2009). The advanced properties of Ti-5553 alloy make it possible to 
maintain high material strength after being heat treated and air cooled. 
2.2 Machining Titanium Alloys 
2.2.1 Machining Performance of Titanium Alloys 
Titanium alloys are wildly used in aerospace, automotive, marine, nuclear and 
biomedical industries. Their excellent material properties combine high specific strength 
(strength-to-weight ratio) at elevated temperature and superior corrosion resistance with 
high toughness. Good process performance of titanium alloys has made them the ideal 
candidates for structural materials to reach the high reliability required by specific industry.  
However, titanium alloys are well known as difficult-to-machine materials. The 
complexity of cutting mechanisms (high strain, strain rate and cutting temperature) during 
machining titanium alloys is very different, in comparison to other metal materials. The 
major problems encountered during machining titanium alloys are: 
 High cutting temperatures and specific heat generated between the contact zone
of cutting tool insert and work material, due to low thermal conductivity of
titanium alloys. The machined surface of titanium alloys is easily damaged by
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the generated heat. Furthermore, the phase changes of titanium alloys at high 
temperatures makes machining processes more complex (Ginting and Nouari, 
2009).  
 Vibration, deflection, and chatter occur during machining. The main reason for
these phenomena is workpiece deflection as it moves away from cutting tool,
caused by the low elastic modulus of titanium alloys (Pramanik, 2014).
 High toughness, strain hardening and thermal softening characteristics of
titanium alloys at high cutting temperature result in higher cutting forces, lower
material remove rates and adiabatic shear bands during machining processes
(Nouari and Makich, 2014).
 The chemical reaction of titanium alloys with most tool materials leads to the
tendency of cutting tool welding during machining processes which form a
built-up edge, thus causing rapid cutting tool-wear and premature tool failure.
As reported by the researchers (Pramanik et al., 2013; Rao and Shin, 2002),
most cutting tool materials are not suitable to machine titanium alloys, and the
better performance was achieved when using diamond, ceramic and cubic
boron nitride (CBN) and carbide tools during machining of titanium alloys
(Nouari and Ginting, 2006; Schoop et al., 2017; Sale et al., 2017).
According to the literature regarding machining titanium alloys, there are no 
existing optimal solutions for the present problems when machining titanium alloys, as an 
early statement envisioned it as “machining of titanium alloys would always be a problem, 
no matter what techniques are employed to transform this metal into chips” (Siekmann, 
1955). Despite significant advances in tooling, machining of titanium alloys still remains 
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a problem. Therefore, to enhance the machinability of titanium alloys and increase the 
cutting tool-life, it is necessary to conduct an advanced study on the surface integrity of 
machined titanium alloys and cutting tool performance in machining processes by utilizing 
improved cooling techniques to remove the heat quickly. 
2.2.2 Surface Integrity in Machining 
In the manufacturing field, it is necessary to satisfy the surface quality 
requirements, and the two important aspects of surface quality are surface texture which 
constitutes surface roughness and surface topography, and surface layer produced in 
machining which was found to have a strong effect on the properties of the base material 
(Koster and Fritz, 1970). A wide variety of surface formations can be produced during 
metal removal processes, and the properties of surface layers are considered to be 
significant in relation to mechanical performance of finished components. Surface layer 
characteristics created after machining can be quite different, for various work materials. 
Different sensitivities of those work materials to large dynamic loading, extremely high 
temperatures produced in machining processes were the main factors to influence surface 
conditions of machined components.  
Surface integrity (SI) is the surface condition of workpiece which is modified by 
the machining processes, and it describes the actual structure of both, the machined surface 
and the subsurface. Surface integrity has been investigated by researchers since the early 
1950s, and the term of surface integrity was known to be first introduced by Michael Field 
and John F. Kahles in 1964 (Field and Kahles, 1964). Surface integrity is generally defined 
by the states of surface properties such as surface roughness, surface hardness, the variation 
in residual stress, changes in microstructure, etc. To systematically investigate the 
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characteristic features of machined surfaces, researchers developed three different levels 
of data set for surface integrity, as shown in Table 2-2. In Table 2-2, minimum, standard 
and extended levels of surface integrity are defined (Field et al., 1972). Among those 
elements, surface roughness, surface hardness, residual stress and microstructure proved to 
be very important and play the critical roles on the performance of machined surface layers. 
Table 2-2: Surface Integrity (SI) data set (Field et al., 1972). 
Minimum SI data set Standard SI data set Extended SI data set 
Surface finish Minimum SI data set Standard SI data set 
Macrostructure (10X or less) 
     Macrocracks 
     Macroetch indications 
Microstructure 
    Microcracks 
    Plastic deformation 
    Phase transformation 
    Intergranular attack 
    Pits, tears, laps, 
    protrusions 
    Built-up edge 
    Melted and redeposited    
layers 
    Selective etching 
Fatigue tests 
(screening) 
Fatigue tests 
(extended to obtain 
design data) 
Stress corrosion tests 
Additional 
mechanical tests 
Tensile 
Stress rupture 
Creep 
Microhardness 
Residual stress and 
distortion 
Other specific tests 
(e.g., bearing 
performance, 
sliding friction 
evaluation, sealing 
properties of 
surfaces) 
In recent decades, the improvements of surface integrity properties for machined 
materials has been achieved by researchers thorough studies on the impacts of machining 
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processes to surface integrity. The purpose of these studies was to enhance the desirable 
surface integrity characteristics, including high micro-hardness, ultra-fine grains, and 
compressive residual stress, etc. A study of machining processes on improving functional 
performances of machined titanium alloy components in terms of surface integrity was 
conducted for dry machining Ti-6Al-4V alloy by Ibrahim et al. (2009). They presented that 
surface integrity was affected by machining parameters, alterations of micro-hardness and 
microstructures occurred beneath the machined surface down to the hundreds of 
micrometers. 
Ezugwu et al. (2005) studied the performance of CBN tools when machining Ti-
6Al-4V alloy under high-pressure coolant. They showed that there was no adverse effect 
on the surface finish of Ti-6Al-4V alloy with CBN tools at high cutting speeds (150 m/min, 
200 m/min and 250 m/min).  
Surface roughness was also studied by Kikuchi and Okuno (2004) showing 
machinability comparison of titanium alloys with other materials. They compared the 
cutting surfaces among titanium, titanium alloys and free-cutting brass after milling 
operation. Higher cutting forces were found from machining of Ti-6Al-4V alloy and Ti-
6Al-7Nb alloy than brass, and no differences in surface roughness was shown among the 
metals. 
A study of surface hardness and surface roughness in machining titanium alloy was 
conducted to investigate the influence of machining on surface integrity by Revankar et al. 
(2014). They studied the effect of different cutting fluids and machining parameters, such 
as cutting speed, feed rate, depth of cut and cutting tool geometry on surface hardness and 
surface roughness, and they claimed that the better surface roughness was achieved when 
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high cutting speed, low feed rate and high nose radius with MQL fluid was applied in 
machining of Ti-6Al-4V alloy. Variation of surface hardness beneath of machined surface 
was caused by work hardening, due to heat generated during the machining process. They 
also proved that the surface defects were reduced by using PCD tool in machining Ti-6Al-
4V alloy. 
Che-Haron and Jawaid (2005) conducted an investigation to study the influence of 
machining on surface integrity of titanium alloys with uncoated carbide cutting tools. 
Severe plastic deformation (SPD) was observed when machining Ti-6Al-4V alloy under 
dry machining and a harder white surface layer was formed (Figure 2-3). Titanium alloys 
experienced work hardening under high temperature at the cutting speeds. However, a 
softer layer with less than the average hardness of bulk material was found beneath the 
surface.  
Figure 2-3: Microstructure of machined Ti-6Al-4V alloy surface after (a) cutting at 100 
m/min speed using 883 insert and (b) cutting at 45 m/min speed using CNMG 890 insert. 
Adapted from (Che-Haron and Jawaid, 2005) with permission. 
They also reported the variations in layer patterns near the surface and subsurface 
of machined material. They showed the variations in measured microhardness from 
(a) (b) 
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machined samples (Figure 2-4). A thin plastically deformed hardened layer was found 
underneath the machined surface. The hardness of the subsurface at 0.02 mm was lower 
than that observed in the bulk material (the softening effect was due to over aging 
phenomenon which caused by high cutting temperature). The hardness values at 0.07 mm 
beneath the machined surface was drastically increased. With less influence on 
microstructures in the lower subsurface, the hardness value approached the average 
hardness of bulk material.  
Figure 2-4: Microhardness values of Ti-6Al-4V alloy beneath the machined surface 
when machining with CNMG 883 insert at highest cutting speed of 100 m/min. Adapted 
from (Che-Haron and Jawaid, 2005) with permission. 
Ozel and Ulutan (2012) studied the residual stress in turning of titanium alloys and 
IN100 nickel-based alloys. They presented the experimental investigation and finite 
element simulations on turning of Ti-6Al-4V alloy with uncoated and TiAlN coated carbide 
tools. Tool geometry was found to have a significant influence on the residual stress of 
titanium alloys. More compressive residual stress was induced in titanium alloys with 
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increasing cutting edge radius, while coated tools produced more tensile residual stress, as 
shown in Figure 2-5. 
Figure 2-5: Comparison of residual stresses in face turning of Ti-6Al-4V alloy. Adapted 
from (Özel and Ulutan, 2012) with permission. 
The importance of machining parameters on residual stresses developed during 
machining of titanium alloys has been investigated by Sridhar et al. (2003). They showed 
the variation of residual stress in titanium alloy IMI-834 as a function of machining 
parameters such as different feeds, speeds and depths of cuts. The residual stresses were 
found to be compressive and dependent on the machining parameters. And, the heat 
treatment was found to be effective to relieve the residual stress, the degree of stress relief 
was shown to increase with increased temperature.  
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2.3 Application of Cryogenic Cooling  
2.3.1 Cryogenic Machining 
For many decades, researchers focused their work on reducing the excessive heat 
and consequently wear formation, which are considered to be among the most important 
factors affecting metal machining performance. Different methods were investigated to 
enhance the productivity of machining operations in machining by the academic and 
industry communities. For example, laser-assisted machining (Anderson et al., 2006) and 
hot machining (Maity and Swain, 2008) applications of coolant/lubricant-assisted 
machining (high-pressure coolant, minimum quantity lubrication, cryogenic machining) 
were conducted in their research. 
The applications of cutting fluids in metal cutting operations were found to be an 
efficient way to cool the surface of the workpiece and cutting tools, due to the need for 
lubricating the workpiece-tool interface and cooling. Conventional cutting fluids were 
identified into three groups, Neat cutting oils, water-soluble fluids and gases (El Baradie, 
1996). However, it was shown that cutting fluids cannot penetrate the chip-tool interface 
and increased tool wear was found when high cutting speed was applied and higher cost of 
gases was considered for production applications (Shaw, 2005; Shyha et al, 2015). It was 
also shown that the surface roughness and tool life were found to have no significant 
improvement when conventional cutting fluid was applied compared to dry machining. 
(Paul et al., 2001).  
On the other hand, several health and environmental problems were created when 
conventional cutting fluids were applied in the machining industry. The chemical 
dissociation of cutting fluids at high cutting temperatures caused a hazardous effect on 
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worker’s health, and enormous amounts of wasted cutting fluid vapor were released into 
the environment (Cakir et al., 2007). 
Therefore, during past decades, experimental studies have been conducted on 
reducing the negative effect of machining with conventional cutting fluids. Cryogenic 
machining is one of those methods which have been developed to become an alternative to 
conventional emulsion cooling. It is an environmentally friendly machining method using 
liquid nitrogen as coolant/lubricant to remarkably lower the machining temperature. There 
is no harmful pollution to depose of, as nitrogen evaporates into the air, and the produced 
machined chips can be more easily recycled when there is no residual oil on them.   
Cryogenic machining has been widely investigated by researchers as a means of 
improving tool-life and machinability of work materials, especially in the machining of 
hard materials. Due to more energy requirements during machining of hard materials, the 
intense heat generated at the tool-workpiece interface then lowers the strength of the work 
material which would result in reducing the yielding strength and rapid tool-wear. In the 
meantime, the lower thermal conductivity of advanced metal materials, such as stainless 
steel, titanium alloys and Inconel is another factor that causes high cutting temperatures 
during machining of these advanced materials. Therefore, to enhance the machinability of 
difficult-to-cut materials and mitigate tool-wear mechanisms, reducing the cutting 
temperature during cutting operation would be the most effective way to increase tool life 
and machining performance (Itoigawa et al., 2006; Khan and Ahmed, 2008). 
Fluid-gas cushions are formed at the chips-tool and tool-workpiece interfaces, 
when liquid nitrogen evaporates and absorbs the heat quickly during cryogenic machining. 
According to Hong et al. (2001), in cryogenic machining of titanium alloy Ti-6Al-4V alloy, 
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by applying liquid nitrogen from the rake face of inserts, chip breakability can be improved 
due to the enhanced brittleness of the chips at a lower temperature. It also helps to reduce 
the material stickiness and reduces the formation of built-up edge, as shown in Figure 2-6. 
Moreover, cryogenic cooling also has been found to benefit in maintaining the hardness of 
tool insert material at lower temperature. Combining all the attributes of cryogenic cooling, 
favorable tool-life and chip breaking have been observed.  
Figure 2-6: A schematic of the economical cryogenic machining approach. Adapted 
from (Hong et al., 2001) with permission. 
Hong et al. (Hong et al., 2001) also investigated the effects of cryogenic machining 
by the combination of two nozzles delivering liquid nitrogen. It was discovered that 
optimizing the position of the nozzles could enhance the performance of cutting tool inserts 
during machining, as seen in Figure 2-7. The figure shows that at a cutting speed of 300 
ft/min, under dry machining the tool life was 3.3 min, and under conventional emulsion, 
the tool life was 4.5 min. Whereas, under the same cutting conditions in cryogenic 
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machining, the tool-life was 12.5 min, and with two nozzles on at optimized position the 
tool life was enhanced to 15.48 min.   
Figure 2-7: Tool-life comparison of different cooling approaches at 300 ft/min. Adapted 
from (Hong et al., 2001) with permission. 
It was also discovered that the increase in tool life was more significant at higher 
cutting speed in cryogenic machining, compared with dry machining and conventional 
flood-cooled machining. Overall, for industrial applications, cryogenic machining gave 
better tool-life, and higher cutting speeds can be used in machining hard metal materials.  
The contribution of cryogenic machining to enhance the surface integrity was also 
shown by other researchers. Analytical studies of surface characteristics (microstructures, 
surface hardness, and residual stress etc.) were established to understand the effect of 
cryogenic machining on surface integrity. A study of cryogenic friction-stir processing 
(FSP) using liquid nitrogen as the coolant to enhance the thermo-mechanical properties of 
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Al 7050-T7451 aerospace alloy was conducted by Huang et al. (2015). It was shown that 
better grain refinement was induced in the machined surface, and enhanced hardness was 
observed, compared with dry friction-stir processing. 
Figure 2-8: Microstructure comparison among the samples processed by dry and 
cryogenic FSP using different speeds at 320, 400 rpm: (a) dry, 19.2 m/min, (b) cryogenic, 
19.2 m/min, (c) dry, 24 m/min, (d) cryogenic, 24 m/min. Adapted from (Huang et al., 
2015) with permission. 
As shown in Figure 2-8, increasing grain size was observed for both dry and 
cryogenic FSP with increasing cutting speed. And almost the same reduction in grain size 
was achieved from cryogenic FSP compared with the one of dry condition, and a more 
homogeneous microstructure was obtained in the cryogenic condition. 
Kaynak et al. (2014) presented a more detailed analysis on the advantages of 
cryogenic machining-induced surface integrity characteristics, such as surface roughness, 
grain refinement, surface hardness, phase transformation, residual stress, fatigue life etc. 
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and compared these with the effects generated from dry, minimum quantity lubrication 
(MQL) and flood-cooled machining. 
The influences of cryogenic machining on the surface integrity characteristics and 
machining performances are reviewed according to the previous studies conducted by 
different researchers. In the next section, the effects of cryogenic burnishing using liquid 
nitrogen as the coolant will be discussed.  
2.3.2 Cryogenic Burnishing 
The burnishing process, which is conducted by using the hardened steel carbide 
rolls or balls pressing on the surface of the workpiece and imparting a feed motion at the 
same time induces the residual compressive stress on the surface of the workpiece and 
thereby increases the wear resistance and fatigue strength of the surface layer (Mahajan 
and Tajane, 2013).  
Cryogenic burnishing, as one of the SPD processing methodologies, is an effective 
method to improve the surface integrity of metallic materials. Yang et al. (2013) show that 
the application of liquid nitrogen during the burnishing process can significantly reduce 
the temperature rise in the contact zone between the burnishing tool and the work material, 
resulting in higher surface hardness, thicker burnishing influenced layer, better surface 
finish, and superior grain refinement. Figure 2-9. shows the microstructures of Co-Cr-Mo 
alloy before and after the burnishing process.  
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Figure 2-9: The microstructures in the surface layer of Co-Cr-Mo alloys: (a) before dry 
burnishing; (b) after dry burnishing; and (c) after cryogenic burnishing processes, DOP = 
0.254 mm. Adapted from (Yang et al., 2013) with permission. 
Pu et al. (2011) reported that by using the cryogenic burnishing process, an ultrafine 
layer was produced on the surface of AZ31B Mg alloy as shown in Figure 2-10. The grain 
size in this layer is less than 500 nm, which is generally more than 20 times smaller than 
the initial material, and the corrosion resistance is remarkably improved at the same time.   
Figure 2-10: SEM micrographs of AZ31B Mg alloy surface region: (a) before and (b) 
after cryogenic burnishing. Adapted from (Pu et al., 2011) with permission. 
In the other work presented by Pu (2012), it was shown that after a cryogenic 
burnishing operation, surface hardness and residual stress of AZ31B Mg alloy were 
significantly improved. The detailed distributions of residual stresses measured from the 
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samples with two different cutting edge radius values under dry and cryogenic conditions 
are shown in Figure 2-11. And more compressive residual stress was introduced by 
cryogenic machining in contrast to dry machining. Figure 2-12 illustrates the changes in 
surface hardness of workpiece introduced by cryogenic burnishing. 
Figure 2-11: Variation of residual stress with depth below the surface: (a) before, and (b) 
after cryogenic burnishing in circumferential and axial directions. Adapted from (Pu, 
2012) with permission. 
Figure 2-12: Variation of surface hardness with depth below the surface: (a) before, and 
(b) after cryogenic burnishing. Adapted from (Pu, 2012) with permission. 
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2.4 Cryogenic Machining of Titanium Alloys 
2.4.1 Effect of Cryogenic Cooling on Tool-wear 
The mechanical properties of titanium alloys make them desirable as engineering 
materials, but, high strength and hardness, make them hard to process into components. 
Due to the rapid tool failure resulting from high temperatures at cutting interfaces, cutting 
tool materials usually have reduced life and tend to react with titanium alloys. To extend 
cutting tool life and improve the machinability of titanium alloys, researchers have 
investigated different technologies applied in machining. Traditional methods for reducing 
the cutting forces and high heat generated during machining were limited to lower 
machining parameters, such as cutting speeds, feed rates etc., and application of 
conventional coolants. However, these methods are inefficient and expensive in producing 
components (Klocke and Eisenblatter, 1997). 
Cryogenic machining with liquid nitrogen has been gaining increasing attention as 
a viable coolant alternative during machining. As a sustainable alternative to conventional 
machining, cryogenic machining has shown great promise in machining of difficult-to-
machine materials, including stainless steel alloys, Inconel and titanium alloys (Shokrani, 
et al., 2012; Pusavec, et al., 2011).   
In machining of Ti-6Al4-V alloy, Kumar and Dilip (2013) found that compared to 
flood-cooled machining, the cutting force components were reduced by 9-22% when liquid 
nitrogen was used as the coolant. The results from their experimental research indicate that 
cryogenic machining can significantly reduce the energy consumption in the machining of 
titanium alloys, an effect that is likely due to a reduction in tool/chip contact area as initially 
reported by Hong and Broomer (2000) for AISI 304 stainless steel.  
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Bermingham et al. (2012) observed a 235% and 250% improvement of tool-life in 
cryogenic machining of Ti-6Al-4V alloy, compared with dry machining, when applying 
liquid nitrogen in the flank and nose regions of the inserts, respectively.  
As shown in Figure 2-13, cryogenic machining is an effective method to 
significantly extend tool-life and provide deeper penetration into the cutting zone over dry 
machining of titanium alloy. It improved the productivity of titanium alloy components. 
Similar results were presented by Sun et al. (2010). They investigated the influence of 
cryogenic cooling on cutting forces and cutting tool-wear during turning Ti-6Al-4V alloy.  
Figure 2-13: Average wear of the primary flank and nose during cutting at 85 m/min and 
125 m/min speeds under dry, cryogenic and high-pressure emulsion coolant.  
Adapted from (Berminghan et al., 2012) with permission. 
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Experiments were carried out on the performance of cutting tools under different 
machining parameters in dry and cryogenic machining. Due to the effectiveness of 
cryogenic machining in reducing the temperature in the cutting zone, it was shown to 
improve the machinability of Ti-6Al-4V alloy, smaller chips, reduced built-up edge, and 
lower tool-wear rate were reported (Figure 2-14). 
Figure 2-14: Images of (a) and (c) are the primary flank face, (b) and (d) area rake face 
of the cutting tool after cutting the length of 31 m at cutting speed of 200 m/min under (a) 
and (b) dry machining, (c) and (d) cryogenic machining. Adapted from (Sun et al., 2010) 
with permission. 
It can be seen that flank and crater wear were reduced in cryogenic machining, 
compared with dry machining. In the meantime, the chip built-up edge was also minimized 
under cryogenic conditions. Residuals of burning observed on the rake face in dry 
machining indicates the presence of high temperature. However, there are no black 
(a) (b) 
(c) (d) 
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residuals in cryogenic machining. It supports the conclusion that the significant influence 
of cryogenic machining in lowering the cutting temperature at the tool-chip interface.  
2.4.2 Effect of Cryogenic Cooling on Surface Integrity 
The dramatically increasing demand for titanium alloys in industry causes a 
consequence of a large amount of material necessary for machining operations. Titanium 
and its alloys are known as hard-to-machine materials due to their mechanical and physical 
properties, which leads to low material removal rates and poor surface finish. Other than 
optimizing machining parameters, effective cooling methods can be the key to significantly 
improve the quality of a machined surface.  
Surface integrity is an important characteristic for measuring the quality of 
machined surface. Other than surface finish and geometric accuracy, it has been used to 
describe the structure of the machined surface and sub-surface by researchers. 
Additionally, the influence of surface integrity on functional performance of machined 
components, such as microstructures, residual stress, etc., has been demonstrated in more 
and more studies. Different machining approaches have been developed to reduce the 
cutting temperature and improve the surface integrity of machined titanium and its alloys. 
Cryogenic cooling is one of those methods which is studied in the present work. 
One of recent past efforts to investigate the influence of cryogenic machining on 
surface integrity of titanium alloys was a study conducted by Machai and Biermann (2011). 
A comparative analysis of the machined surface of Ti-10V-2Fe-3Al alloy after cryogenic 
cooling with carbon dioxide snow machining, was made with the machined surface of flood 
emulsion machining. It was shown that while turning Ti-10V-2Fe-3Al alloy, the hardness 
of the cutting tool remained constant during cryogenic machining, compared with flood 
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emulsion cooling. And, burrs occurred in the area of tool-work piece contact zone in flood 
cooling condition, while there were no burrs during cryogenic machining. The result is 
illustrated in Figure 2-15. It was claimed that it was due to the decreased tool-wear due to 
the low temperature of cryogenic machining. 
Figure 2-15: SEM images of machining of Ti-10V-2Fe-3Al alloy at cutting speed of 100 
m/min, feed rate of 0.1 mm under (a) flood machining and (b) cryogenic machining. 
Adapted from (Machai and Biermann, 2011) with permission. 
Significant reviews and analysis of research work conducted by international 
researchers under the sponsorship of CIRP have been reported on surface integrity (Jawahir 
et al., 2011) and cryogenic machining (2016). 
2.4.2.1 Effect of Cryogenic Machining on Microstructure 
The machining-induced microstructure, particularly the deformed layer thickness 
and grain refinement, is also of great interest to researchers when they investigate surface 
integrity after machining. During machining operations, the thermal and mechanical effects 
are the main reasons for any observed phase transformation and microstructural alterations 
on the surface and sub-surface of materials. The understanding of microstructural alteration 
mechanisms for controlling the grain structure of the final product would be desirable in 
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the industries. Grain structure of metals has a remarkable influence on their functional 
performance. 
To identify the experimental finding of machining-induced layer and grain 
refinement, it is necessary to present the theoretical approach studied by some researchers 
(Li et al., 2009; Zhang et al., 2012). The effect of machining operations on the surface layer 
of a workpiece was explained by predicting grain-size generated during the machining 
process. The most commonly utilized equation used for steel is the well-known Zener-
Hollomon expression shown in Eq. (2-1): 
 10 𝑍 /  10 𝜀 𝑒𝑥𝑝 / (2 - 1) 
where, 𝑑  is the recrystallized grain size after the deformation process; 𝑑  is 
the initial grain size of the work material and Z is the Zener-Hollomom parameter. 𝜀 is 
strain rate; T is temperature; Q is the related activation energy for deformation and R is the 
gas constant (Zener and Holloman, 1944). 
According to the formula, grain size is affected by two main factors which are 
temperature and strain-rate. It is noted that stain-rate and temperature are generally very 
high during the machining process. And based on the formula, reducing temperature would 
lead to increased Z value and eventually cause the diminution of grain size after dynamic 
recrystallization (DRX). Therefore, in order to obtain ultrafine/nano level grain size, 
cryogenic machining with liquid nitrogen as coolant was chosen to lower the temperature 
on the cutting zone.     
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Rotella et al. (2014) reported that the experimental studies of using cryogenic 
machining with liquid nitrogen as coolant to control the microstructure on the surface and 
subsurface layers of Ti-6Al-4V alloy, compared with dry and MQL machining. According 
to this study, different cooling methods were found to be effective on the resulting 
microstructure, as shown in Figure 2-16. 
Figure 2-16: SEM images of machined samples of Ti-6Al-4V alloy at cutting speed of 70 
m/min, feed rate of 0.05 mm under (a) dry machining, (b) MQL machining and (c) 
cryogenic machining. Adapted from (Rotella et al., 2014) with permission. 
Figure 2-16 shows that smaller grains were obtained under cryogenic cooling 
conditions, compared with dry and MQL machining. It highlights how cryogenic cooling 
prevents grain growth at lower cutting temperatures after undergoing dynamic 
(a) (b) 
(c) 
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recrystallization, and it also confirms the potential of using cryogenic cooling to generate 
harder and stronger machined surface.  
2.4.2.2 Effect of Cryogenic Machining on Residual Stress 
After a machining process, the work material experiences the release of any 
thermomechanical loading on the surface, some of the energy during this process was 
retrieved into plastic deformation which causes the work material exhibit some stresses.  
Residual stresses are these stresses that remained in the surface and sub-surface of 
machined material after the loading process (Guo et al., 2009). They are considered to be 
the result of the combination of plastic deformation and thermal effects. 
Residual stress is another important factor of surface integrity, and there are mainly 
two types of residual stresses studied by researchers. They have a significant influence on 
the fatigue life and corrosion behavior of structural components. Tensile residual stresses 
are necessary to be reduced, as they are typically responsible for the occurrence of crack 
initiation, propagation and fatigue failure of components. On the other hand, compressive 
residual stresses are generally preferred, because it could mitigate fatigue cracks and 
prolong fatigue life of materials (Kaynak et al., 2014).  
Residual stresses have been studied by researchers for many decades, and it was 
found that cutting tool geometry, machining parameters such as the cutting speed, feed 
rate, depth of cut and cooling conditions, play an important role on the magnitude and 
distribution of residual stress during machining process (M’Saoubi, et al., 1999; Outeiro, 
et al., 2008).  
The mechanisms for residual stress generation during machining processes were 
studied in the experimental work, Fergani et al. (2014) built a physics-based model and 
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predicted the onset tensile temperature to investigate the generation of tensile stress, and 
the results shows that 190°is the machining temperature to generate the tensile stress on 
the surface of AISI 52100 hardened steel. However, during machining, compressive 
residual stress was generated when mechanical effects were dominant. Therefore, to 
achieve the desired residual stress on the surface and sub-surface of a machined 
component, reducing the thermal effect is one of the most effective methods. Based on this 
consideration, cooling conditions were considered to improve functional performance by 
inducing more compressive residual stress.  
The effect of cryogenic machining on residual stress of difficult-to-machine 
materials such as Nickel-based alloy and, stainless steel alloys have been presented in few 
studies. Kenda et al. (2011) reported that cryogenic machining process tremendously 
reduced the thermal effect in Nickel-Based-Inconel 718 alloy, and consequently generated 
larger compressive residual stresses deeper sub-surface of the machined material compared 
with dry and MQL machining.  
Few studies have investigated the effects of cryogenic machining with liquid 
nitrogen as a coolant on the residual stresses of machined titanium alloys. However, it has 
been reported that the residual stress distribution of stainless steel was improved under 
cryogenic machining conditions. Biček et al. (2012) presented the results of an 
experimental investigation of the effects of cryogenic cooling, dry and conventional flood 
cooling, on residual stresses during turning hardened and normalized bearing steel AISI 
52100. Machining results from this investigation showed a drastic improvement in tool life 
and reduction of thermal residual stress for cryogenic machining. Similar results were 
reported in the work conducted by Fredj and Sidhom (2006) on cryogenic machining AISI 
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304 stainless steel, where it was shown that cryogenic machining generated less tensile 
residual stress and higher material hardness, and result in higher fatigue strength than those 
generated under oil-based cooling conditions.  
In summary, the improvements in surface integrity in terms of lower surface 
roughness, fine grain structures, high microhardness, and desirable compressive residual 
stresses, all contribute to improvements in the functional performance of machined 
workpiece, and are attainable through reduction of temperature in the cutting zone observed 
under cryogenic cooling. However, very few studies have been done to consistently 
understand the influence of cryogenic machining on the surface integrity of hard-to-cut 
materials, especially titanium alloys. The purpose of this work is to study and understand 
the changes in surface integrity during cryogenic machining of Ti-6Al-7Nb and Ti-5553 
alloys, and to establish the likely functional performance of Ti-6Al-7Nb alloy in biomedical 
implant application.  
2.5 Modeling of Machining Processes 
Machining is the typical process to produce metal parts, and it is a complex process 
which induces high stresses, large strains, very high strain rates and temperatures at the 
tool-chip-workpiece contact zones, and this generates high heat and plastic deformation on 
the surface and sub-surface of machined components. During the last few decade, 
analytical and numerical modeling of experimental work has been conducted by a large 
number of researchers who presented different modeling approaches for the machining 
process. However, to accurately predict the machining process variables, not only the 
variations in cutting tool material, coatings and geometry, or the workpiece constants and 
thermal properties are to be made available, but also it requires useful inputs including the 
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flow stress properties of the work materials and the tribological conditions concerning the 
friction and heat transfer parameters for the simulation models.   
Finite element method (FEM) has developed and applied in numerical modeling of 
machining processes for decades, and it has been making tremendous achievements in 2D 
orthogonal cutting to 3D oblique cutting simulations. In recent years, advanced software 
packages have been developed for simulating machining processes, including ANSYS, 
ABAQUS, DEFORM, etc. In most finite element modeling (FEM) studies of machining 
processes, cutting forces and temperatures are the commonly predicted parameters 
investigated to understand the machining mechanism by researchers (Qian et al., 2007; 
Umbrello et al., 2007; Arrazola et al., 2013).   
Arrazola et al. (2010) constructed an analytical model to predict the process 
mechanics of machining using Johnson-Cook (J-C) material model with Arbitrary 
Lagrangian Eulerian (ALE) thermal stress analysis. In this study, a detailed friction model 
of the tool-chip and tool-workpiece interfaces with coupled sticking and sliding frictional 
conditions was proposed, as illustrated in Figure 2-17. 
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Figure 2-17: FE simulation model for ALE formulation with: (a) Eulerian and 
Lagrangian boundary conditions, and (b) pure Lagrangian boundary conditions. Adapted 
from (Arrazola et al., 2010) with permission. 
Ozel  (2009) established a three-dimensional model to analyze the influence of 
cutting tool edge geometry on cutting forces, stresses, friction and tool-wear. To build the 
desirable model to simulate the turning process, the workpiece and cutting tool were 
modeled as rigid plastic bodies. In the study, thermo-mechanical properties of work and 
tool materials were presented as modeling inputs. The simulated and experimental results 
were in good agreement, and it also revealed that cutting forces and tool-wear were both 
significantly influenced by the tool geometry.  
A 3D finite element model was developed by Lotfi et al. (2016) to predict the tool-
wear in turning of Inconel 625, where DEFORM-3D software was used to simulate the 
turning operation, and this model is shown in Figure 2-18.  In the model, they used the 
39 
Johnson-Cook law to present the workpiece material constitutive behavior, and Usui’s 
wear rate model was established to calculate the wear rate on the tool surface. Good 
agreements between the predicted values and experimental measurements were achieved 
in their study. 
Figure 2-18: 3D FE simulation model and boundary conditions used to predict tool-wear 
during turning. Adapted from (Lotfi et al., 2016) with permission. 
As an important metallic material, titanium alloys are widely used in the aviation 
industry because of their excellent properties, however, titanium alloys are regarded as the 
difficult-to machine material because of their poor machinability. Due to the low thermal 
conductivity of titanium alloys, large amount of heat was generated in the cutting zone and 
absorbed by the tool, rather than carried away by the chips, and resulting in rapid tool-wear 
and eventual tool failure. Therefore, there are no surprises that significant efforts have been 
made to control and optimize the machining process to increase the productivity of 
machining titanium alloys by using finite element analysis of machining titanium alloys 
(Ali et al., 2013; Umbrello, 2008).  
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An investigation of experimental results and finite element simulations were 
developed to provide a fundamental understanding of the process of turning Ti-6Al-4V 
alloy (Ozel et al., 2010). Their experimental work focused on the effects of multi-layered 
coated inserts in machining processes. And, simulations were concentrated on the modified 
material models with strain softening effect to simulate chip formation and temperature 
distributions for tool inserts. They also showed a comparison of predicted cutting forces 
and tool-wear with experimental results. 
In the follow-up study by Ozel  et al. (2012), prediction of machining-induced 
residual stress distribution along the depth of the workpiece in turning of titanium and 
nickel-based alloys. They developed a 3-D finite element model to predict cutting forces 
and machining induced stresses, and a friction determination method was utilized to 
analyze friction coefficients at the tool edge radius. The predicted results were verified by 
experiments and good agreement was achieved. In addition, the effect of cutting tool edge 
radius on predicted residual stress profiles was also investigated in this work.   
Through reviews of the literature on machining simulation models, it is seen that 
the major focus of much of the researchers during the last decade is on prediction of the 
tool-wear, cutting temperatures, residual stresses, and machining-induced surface profile 
using analytical and numerical models. A summary of these findings is shown in Table 2-
3. Apparently, very few investigations are conducted to simulate the process of cryogenic
machining of Ti-6Al-7Nb and Ti-5553 alloys, it is hard to find any studies predicting cutting 
forces, and the temperatures, especially the simulation of surface integrity characteristics, 
such as grain refinement, depth of refined layer induced by machining process, surface, 
sub-surface hardness, etc. Based upon this, a numerical study will be conducted in this 
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work to investigate the influence of machining parameters associated with the experimental 
studies of cryogenic machining on the surface integrity characteristics of Ti-6Al-7Nb and 
Ti-5553 alloys.  
Table 2-3: Summary of numerical modeling of machining Titanium alloy in the 
literature. 
Author (s) 
Simulation 
Model 
Machining 
process 
Cooling 
Work 
material 
Simulation 
output 
Ozel et al. (2010) 3D FEM Turning NA 
Ti-6Al-4V 
alloy 
Chip formation, 
forces and 
temperature 
Rao et al. (2011) 3D FEM Milling NA 
Ti-6Al-4V 
alloy 
Tool-wear, 
temperature 
and stresses 
Imbrogno (2017) 3D FEM Turning cryogenic 
Ti-6Al-4V 
alloy 
Cutting force, 
temperature 
and 
microstructure 
Thepsonthi et al. 
(2016) 
2D FEM Milling NA 
Ti-6Al-4V 
alloy 
Temperature, 
cutting force 
and tool-wear 
Umbrello (2008) 2D FEM Turning NA 
Ti6Al-4V 
alloy 
Cutting force 
and chip 
morphology 
Bordin et al. (2015) 3D FEM Turning cryogenic 
Ti-6Al-4V 
ally 
Cutting force 
and 
temperature 
Arulkirubakaran et 
al. (2017) 
3D FEM Turning NA 
Ti-6Al-4V   
alloy 
Cutting force 
and 
temperature 
Rotella et al. 
(2014) 
2D FEM Turning cryogenic 
Ti-6Al-4V 
alloy 
Microstructure 
Kaynak et al. 
(2017) 
2D FEM Turning Cryogenic 
Ti-5553 
Alloy 
Cutting force, 
temperature 
and chip 
morphology 
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2.6 Summary 
In this chapter, the literature review shows poor machinability of Titanium alloys 
and its impact on the surface integrity of machined components. To ensure reliable 
performance and the service life of titanium alloys used in biomedical and aerospace 
industries, their products are required to be manufactured not only with dimensional and 
geometrical accuracy, but also have good surface finish and surface integrity, which can 
enhance their functional performance, such as corrosion resistance, fatigue life, etc. 
Another topic reviewed in this chapter is the development of numerical methods for 
studying the influence of machining process on surface integrity changes, such as residual 
stress, influenced layer formation, etc. However, very few numerical investigations have 
focused on surface integrity changes in machined titanium alloys. The experimental and 
numerical results presented in this PhD work demonstrate the potential of using cryogenic 
machining to improve the functional performance of machined Ti-6Al-7Nb and Ti-5553 
alloys in term of desirable surface integrity factors, including higher hardness, 
nano/ultrafine grain structures, compressive residual stresses, reduced corrosion rate, etc. 
The influence of different machining conditions, including various cooling conditions, on 
surface integrity changes, as well as corrosion performance of titanium alloys are 
investigated in this work. A user subroutine is developed in commercial FEM software to 
predict the grain size changes and the thickness of refined layer induced by the machining 
process under dry and cryogenic conditions. 
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CHAPTER 3. 
EXPERIMENTAL STUDY ON MACHINING PERFORMANCE OF 
TITANIUM ALLOYS 
3.1 Introduction 
Titanium alloys are commonly employed in biomedical and aerospace applications. 
The high material performance requirements for biomaterial applications, especially for 
joint replacement, including good biocompatibility with tissue, high mechanical strength 
and fatigue resistance under cyclic loading, excellent corrosion resistance in the body fluid, 
and low elastic modulus (Davis, 2003; Niinomi, et al., 2012) make Ti-6Al-4V alloy one of 
widely used titanium alloys. However, the release of vanadium ions from implants made 
of Ti-6Al-4V alloy is of great concern to industry (Joseph et al., 2009). 
A number of titanium alloys composed of non-toxic elements have been developed 
and studied as potential replacements for Ti-6Al-4V alloy in biomedical applications, 
including α, β and near-β type titanium alloys, and the properties of Ti-6Al-7Nb alloy are 
similar to Ti-6Al-4V alloy. This is due to the presence of α  β phases at room temperature 
in the microstructures of both alloys. Ti-6Al-7Nb alloy has been employed clinically as 
bioimplants since 1986, due to its excellent biocompatibility when in direct contact with 
tissue or bone and high mechanical strength (Semlitsch and Willert, 1997). However, 
surface modification is still required for the products composed of titanium and titanium 
alloys to improve the surface quality of components.  
Near-β titanium alloy-Ti-5553 (Ti-5.2Al-4.8V-4.8Mo-3Cr) has been studied as a 
substitution for Ti-6Al-4V alloy in aerospace applications for components such as landing 
gear and other advanced structure. Ti-5553 alloy has excellent properties such as high 
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strength, excellent properties at room and high working temperatures, better resistance to 
corrosion and fatigue, etc., however, high chemical reactivity causing rapid tool-wear, low 
thermal conductivity resulting in high temperature and the formation of adiabatic shear 
bands (and consequently high dynamic loads and tool vibration during machining), have 
become the primary reasons limiting the application of this near β-phase titanium alloy.  
In machining operations, heat is generated in the region of tool-workpiece and tool-
chip interfaces, because of the plastic deformation and friction produced from cutting. The 
application of cutting fluid aims to reduce the cutting temperature and friction by 
lubrication, however, the conventional cutting fluids used in industry potentially cause 
severe health and environmental problems (Yildiz and Nalbant, 2008). Using liquid 
nitrogen as the cutting fluid, cryogenic machining was introduced as an environmentally- 
friendly and sustainable machining process. It has been investigated as the method which 
can significantly benefit in reducing cutting temperature and improving surface integrity 
of the workpiece. The effect of cryogenic coolant on the machining performance for 
various work materials, including cutting temperature, cutting force, friction and surface 
integrity etc., have been studied. In the study of cryogenic machining of Ti-6Al-4V alloy 
with modified cutting tool inserts, significant improvements in surface roughness, flank 
tool-wear and cutting forces were obtained, in comparison with wet machining 
(Dhananchezian et al., 2011). Caudill et al. (2014) carried out an experimental investigation 
into the effect of cryogenic burnishing Ti-6Al-4V alloy, and it was reported that superior 
micro-hardness within the SPD layers were obtained after cryogenic burnishing over flood 
and dry burnishing. In this chapter, the effect of cryogenic turning with different cutting 
parameters, especially cutting speeds on surface integrity of machined Ti-6Al-7Nb and Ti-
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5553 alloys, in terms of surface roughness, microhardness, and microstructures, are present 
and analyzed.  
3.2 Experimental Procedure 
3.2.1 Work Material and Cutting Tool 
3.2.1.1 Turning of Ti-6Al-7Nb Alloy  
The work material used in the machining experiments are Ti-6Al-7Nb alloy. The 
material was prepared as discs with a diameter of 135 mm and thickness of approximately 
4 mm. Ti-6Al-7Nb alloy is an α+β two phase alloy, with average grain size of 
approximately 3-4 µm. The workpieces were prepared according to ASTM F1295 
standards (ASTM F 1295: 2011), and to analyze stress induced by machining, the discs 
were annealed to stress-free condition before machining. The cutting tools used in the 
experiments were Kennametal TPG432 tool inserts with KCU 10 grade, which has rake 
and clearance angles of -7° and 7°, respectively.  
The tool insert has a PVD coating over a very deformation-resistant unalloyed 
carbide substrate. It is known to be an ideal tool for finishing machining of most steels, 
stainless steel and titanium alloys at a wide range of cutting speeds and feed rates 
(Kennametal.com, 2003). The specifications of tool inserts are shown in Table 3-1. 
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Table 3-1: Specification of cutting insert used in turning of Ti-6Al-7Nb alloy 
(Kennametal.com, 2003). 
Insert Style Insert size Material Coating Coating process Corner radius 
TPG 432 Carbide AlTiN PVD 
1/32 inch 
(0.8 mm) 
The cutting edge radius of the cutting tool inserts used in the cutting experiments 
has been measured to get the average edge radius on a Zygo New View Laser 
Interferometer (Model: 7300), as shown in Figure 3-1. (the average edge radius measured 
was 23 µm). 
Figure 3-1: Measured edge radius of cutting tool. 
3.2.1.2 Turning of Ti-5553 Alloy  
In the machining experiments of Ti-5553 alloy, the workpiece materials are 
cylindrical bars with a diameter of 32 mm. The cutting tools used in the experiments are 
SANDVIK 432-MM inserts with TiCN coating and 20 µm cutting edge radii (Table 3-2).  
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Table 3-2: Specifications of cutting tool insert used in turning of Ti-5553 alloy. 
Insert Style Insert size Material Coating Chip breaker Corner radius 
CNMG 432 Carbide TiCN MM 
1/32 inch 
(0.8 mm) 
3.2.2 Experimental Setup 
A HAAS TL-2 CNC lathe was employed to carry out the face turning tests. Air 
Products and Chemicals ICEFLY® system was used to deliver liquid nitrogen at a fairly 
constant flow rate of about 10 g/s under the pressure of 1.5 MPa. A FLIR Systems 
ThermaCam PM695 infrared camera was used to measure the temperature variation during 
machining. According to the manufacture, the accuracy of the camera is ±2°.Figure 3-2 
illustrates the detailed setup of machining experiments with liquid nitrogen delivered to the 
cutting region thorough nozzles. 
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Figure 3-2: Experimental setup: (a) HAAS CNC machine, (b) ICEFLY  cryogenic 
delivering system, (c) experimental setup for cryogenic machining of Ti-6Al-7Nb alloy, 
and  (d) experimenal setup for cryogenic machining Ti-5553 alloy. 
To conduct the experimental work, machining input parameters including cutting 
speed, feed rate, and depth of cut, are set as shown in Table 3-3. The cooling conditions 
used in experiments are dry and cryogenic machining in machining of Ti-6Al-7Nb alloy, 
and the cooling conditions used in machining of Ti-5553 alloy are cryogenic, flood cooling 
and MQL.  
(c) 
Cutting tool  
Nozzle for liquid nitrogen 
delivery  
Ti-6Al-7Nb disc  
Machine tool spindle  
Machine tool spindle 
Nozzle for liquid nitrogen 
delivery 
Cutting insert 
Ti-5553 bar 
Kistler 
dynamometer 
(d)
(a) (b) 
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Table 3-3: Matrix of the machining Experiments. 
Machining Conditions 
Working material Ti-6Al-7Nb Alloy Ti-5553 Alloy 
Cutting speed (m/min) 30, 60, 90 20, 50, 80 
Feed rate (mm/rev) 0.05, 0.1, 0.15 0.05, 0.125, 0.2 
Cooling conditions Cryogenic, Dry 
Cryogenic, Flood cooling, 
MQL 
Depth of cut (mm) 0.5 0.5 
3.2.3 Measurement 
3.2.3.1 Microstructure 
During the machining process, cutting temperature, and cutting force components 
were monitored of all conditions, at different cutting speeds under different cooling 
conditions. After machining, metallurgical samples were cut from the machined materials 
as shown in Figure 3.3 to analyze the surface integrity of the machined material, after cold 
mounting, grinding and polishing, Kroll’s reagent was used to etch the Ti-6Al-7Nb and Ti-
5553 alloys specimens and reveal the grain structures. 
To analyze the crystallographic orientations on the surface and subsurface of bulk 
and machined materials, scanning electron microscopy (SEM) was used to observe the 
grain structure.  
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Figure 3-3: Metallurgical sample illustration. 
3.2.3.2 Tool-wear 
After machining experiments, tool-wear was measured on the tool inserts by using 
Nikon EPIPHOT 300 with Leica DFC425 optical microscope and the EDS measurement 
was analyzed using a Hitachi S-4300.  
3.3 Results and Discussion 
3.3.1 Cutting Forces 
3.3.1.1 Measured Cutting Forces in Machining of Ti-6Al-7Nb Alloy 
Cutting forces are one of the most important criteria for machining processes. In 
many studies, cutting forces are investigated to understand and predict the influence of 
machining performance varieties, such as the design of different cutting tool and their 
structures, machining parameters, cooling conditions, etc. In this study, cutting forces have 
been analyzed to reveal the influence of cutting parameters (cutting speeds, feed rate) and 
cooling conditions (dry and cryogenic). Cutting force components were measured by a 
Kistler 9121 three-component dynamometer under different cutting conditions.  
The results of cutting, thrust and radius forces as a function of cutting speed are 
shown in Figure 3-4. It can be observed that there were not significant differences between 
Sample 
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cryogenic and dry machining in the observed thrust and radial force components at low 
cutting speed (30 m/min). Additionally, the main cutting force from cryogenic machining 
was much smaller than those monitored from dry machining, this is likely due to the lower 
temperature generated by applying liquid nitrogen which consequently reduced tool wear 
and increased the hardness of cutting tool during the cutting process, as reported previously 
(Khan and Ahmed, 2008).  
Figure 3-4: Measured cutting force components machining of Ti-6Al-7Nb alloy as a 
function of cutting speed under different cooling conditions 
 (f = 0.05 mm/rev and d = 0.5 mm). 
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Cutting speed plays a very important role in machining processes, particularly in 
terms of its impact on material removal rate and power consumption. With increasing 
cutting speed, high heat typically results in reduced cutting forces. This was observed in 
the cutting force components in dry machining when cutting speed increased, due to the 
fact that thermal softening was more dominant than strain hardening under dry machining 
conditions.  
However, with increasing cutting speed, the cutting forces increased significantly 
in cryogenic machining. During the machining process, liquid nitrogen was applied on the 
tool flank side towards the workpiece surface, which mitigates the effects of thermal 
softening allowing strain hardening to become dominant. 
Figure 3-5 shows the cutting force components as a function of cutting feed rate 
under different cooling conditions at a high cutting speed of 90 m/min. It can be easily 
noticed that all the force components are increasing when the cutting feed rate increased 
from 0.05 mm/rev to 15 mm/rev. The similar results were observed by Ugarte et al. (2012) 
in machining of Ti-6Al-4V alloy and Ti-5553 alloy and Krishnaraj et al. (2014) in milling 
of titanium alloys. Generally, the purpose of using high feed rates in machining processes 
is to achieve high productivity and minimum machining time. However, increased cutting 
feed rate results of increased cutting force due to the requirement of more energy to remove 
higher volume of material over a shorter time interval.    
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Figure 3-5: Measured cutting force components machining of Ti-6Al-7Nb alloy as a 
function of cutting feed rate under different cooling conditions (V = 90 m/min and d = 0.5 
mm). 
3.3.1.2 Cutting Forces in Machining of Ti-5553 Alloy 
Cutting force components during turning of Ti-5553 alloy are presented in this 
section. These components are defined in three components: cutting force, thrust force and 
radial force. Cutting forces were measured during machining and calculated as average 
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values. Figure 3-6 shows the three cutting force components when the feed rate was 0.05 
mm/rev and the cutting speeds were 20, 50 and 80 m/min after cryogenic, flood cooling 
and MQL machining. It can be observed that cutting forces generally increased when 
cutting speed increased from 20 to 80 m/min, which may be due to the fact that generally 
at high cutting speeds, high cutting temperatures cause thermal softening and decrease 
cutting forces. However, the thermal softening effect did not appear during machining Ti-
5553 alloy, because Ti-5553 alloy retains its mechanical properties at high temperatures. 
On the other hand, rapid tool-wear and softening of the cutting tool at higher temperatures 
was the other reason of higher cutting forces occurred at high cutting speed. This agrees 
with the findings reported in literature (Wagner et al., 2015).   
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Figure 3-6: Force comparisons among flood-cooled, MQL and cryogenic machining of 
Ti-5553 alloy at the cutting speed of 20, 50, and 80 m/min (f = 0.05 mm/rev). 
In comparing the cutting forces after cryogenic, flood-cooled and MQL machining 
at the same cutting parameters, the cryogenic machining had lower cutting forces, due to 
the application of liquid nitrogen on the tool flank face, which effectively reduced the 
cutting temperature and generated less material adhesion on the rake face of working 
inserts. While also resulting in lower friction in the work material-tool and tool-chip contact 
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area, which agrees with the results found in tool-wear analysis in this chapter. 
To study the influence of feed rate on cutting forces of machining Ti-5553 alloy, 
Figure 3-7 shows the comparison of cutting forces components among flood-cooled, MQL 
and cryogenic machining at a cutting speed of 50 m/min and feed rates of 0.05, 0.125 and 
0.2 mm/rev. The increasing cutting forces under all machining conditions, when the feed 
rate increased, was consistent with the findings of machining of Ti-6Al-7Nb alloy. It can 
be explained that when higher feed rate was applied during machining, the chip cross-
section, contact area and friction coefficient were increased which results in higher cutting 
force (Kopalinsky and Oxley, 1995).The comparison from cryogenic, flood-cooled and 
MQL machining shows that the cutting forces from cryogenic machining were decreased 
by 6.3, 20.7 and 4.5%, respectively, compared to flood-cooled machining, while the 
decreasing percentage became 35.7, 7.1 and 32.4%, respectively, compared with MQL 
machining under the three different feed rates.  
For the thrust forces, a 58.4, 1.1 and 21.2% reduction was obtained in cryogenic 
machining compared to flood-cooled machining, while 203.5, 16.1 and 35.1% reduction 
was achieved in comparison with MQL machining relating to the three feed rates, 
respectively.  
As shown in Figure 3-7, a 4.4, 13.2 and 18.9% reduction in radial forces was 
obtained in cryogenic machining compared to flood-cooled machining, while a 46.1, 0.9 
and 44.4% reduction in radial forces was achieved in comparison with MQL machining 
relating to the different feed rate, respectively. It can be easily observed that the highest 
force reductions occurred when the lowest feed rate was used during machining, and this 
may be because the more effective cooling of cryogenic machining at longer cutting times.  
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Figure 3-7: Force comparisons among flood-cooled, MQL and cryogenic machining of 
Ti-5553 ally at the cutting speed of 50 m/min (f = 0.05, 0.125, and 0.2 mm/rev). 
3.3.2 Tool-wear 
Due to the properties of titanium alloys and the challenges that occur during the 
machining process, titanium alloys have been considered as difficult-to-machine materials. 
One of the major issues in machining titanium alloys is the rapid onset tool-wear and 
reduced tool-life. Tool-wear has been studied as a fundamental criterion for evaluating the 
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machining performance of tool inserts and work materials (Dilbag and Rao, 2008). It has 
a significant impact on the machining performance and the properties of machined products 
in several ways: 
1. Rapid tool-wear leads to the short tool-life which results in increased machining
time and cost of product (Feng et al., 2009).
2. Poor tool-wear increase cutting temperature and cutting forces which increased
energy consumption (Ozel and Karpat, 2005)
3. Poor tool-wear during machining results in reduced surface integrity of work
material (Fulemova and Janda, 2014).
Considering these impacts, understanding the mechanism of cutting tool wear could 
significantly affect the machining process and the quality of machined products. Therefore, 
it’s necessary to identify those factors which play important roles in reducing tool-wear 
during machining.  
As discussed previously, machining tool-wear can be influenced by the tool 
geometry (Childs et al., 2008), properties of cutting tools and work material, cutting fluid 
(Kishawy and Elbestawi, 1999) and cutting parameters, including cutting speed, feed rate 
and depth of cut, etc. The most common tool-wear mechanisms can be defined as abrasive 
wear, adhesive wear, diffusion wear, microchipping, fatigue, and delamination wear. (Shaw, 
2005). During machining of Ti-5553 alloy with coated carbide tools, the major modes of 
tool-wear that appeared during machining were abrasive wear and tool wear caused by 
build-up edge (Baili et al., 2011). In this section, the flank wear and nose wear were studied 
while cutting speed, feed rate and cooling/lubricating conditions are taken account of as 
influencing inputs.  
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Figure 3-8 through Figure 3-10 illustrate the tool-wear after cryogenic, flood-
cooled and MQL machining of Ti-5553 alloy samples at 20, 50 and 80 m/min cutting speed. 
From the tool-wear images, it is observed that different types of tool-wear occur during the 
machining process: the abrasive, adhesive flank wear and notch wear were found in the 
nose areas and crater wear was found in rake face for all the three cooling conditions. 
   
 
 
 
Figure 3-8: Tool-wear images in machining of Ti-5553 alloy with flood-cooled, MQL 
and cryogenic conditions (V = 20 m/min, f = 0.05 mm/rev). 
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60 
 
 
 
Figure 3-9: Tool-wear images in machining of Ti-5553 alloy with flood-cooled, MQL 
and cryogenic conditions (V = 50 m/min, f = 0.05 mm/rev). 
 
 
 
Figure 3-10: Tool-wear images in machining of Ti-5553 alloy with flood-cooled, MQL 
and cryogenic conditions (V = 80 m/min, f = 0.05 mm/rev). 
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To better understand the developed tool wear during machining, flank tool-wear 
(known as nose wear in the tool nose region) and crater wear under different cutting 
conditions at various cutting speeds were measured as shown in Figure 3-11., and the 
analyzed results are shown in Figures 3-12 and 3-13. By comparing the tool-wear after 
machining under three cooling conditions using the same machining parameters, it shows 
that the flank wear in the nose area was very similar and was insensitive to the cooling 
conditions. This might due to the fact that the mechanical properties of Ti-5553 alloy, which 
maintains its high strength, low ductility and high fracture toughness elevated temperatures. 
It also can be observed that the cutting speed plays a substantial role in machining of Ti-
5553 alloy, as tool-wear increased with increased cutting speed. When the effect of cutting 
speed is taken into account, and as expected, at lower cutting speeds (20 m/min and 50 
m/min), the flank wear of cutting inserts was very small; while as the cutting speed 
increases, (80 m/min), the flank wear increases significantly, as shown in Figure 3-10. 
Figure 3-11: Tool-wear measurement in machining of Ti-5553 alloy with flood-cooled, 
MQL and cryogenic conditions. 
Crater wear Flank wear 
62 
Figure 3-12: Flank wear measured after machining of Ti-5553 alloy with flood-cooled, 
MQL and cryogenic conditions. 
From these figures, it is obvious that both cutting speed and cooling/lubricating 
conditions affect the crater wear during machining of Ti-5553 alloy. The variation in crater 
wear as a function of changes in cutting speed in different cooling conditions shows a 
similar trend to flank wear variation as a function of cutting speeds under cryogenic, flood-
cooled and MQL machining. However, when the cooling/lubricating conditions are taken 
into account, it is observed that cryogenic conditions helped to reduce crater wear at all 
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cutting speeds with low feed rate, compared with flood-cooled and MQL conditions. While 
MQL machining at all cutting speeds generated the largest cutting force values.  
Figure 3-13: Crater wear measured after machining of Ti-5553 alloy with flood-cooled, 
MQL and cryogenic conditions. 
In the order to identify the relevant wear mechanisms, Energy-dispersive X-ray 
spectroscopy (EDS) measurements were performed to test the compositions of the adhered 
material on the rake face of the cutting tools. Figure 3-14 shows the details concerning the 
images of the adhered material of EDS results and the corresponding chemical 
compositions (i.e., titanium, aluminum, and vanadium). Therefore, Ti-5553 alloy was 
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found to be present on the rake face of the tool insert, which indicates that adhesive wear 
was the primary mechanism of the nose wear.  
However, due to the quick cooling effect, the nose wear of the tool insert used 
during cryogenic machining was smaller compared with the two inserts under flood-cooled 
and MQL conditions. This could be because that the machining temperature in the cutting 
zone is reduced by the delivery of liquid nitrogen during cryogenic machining, and 
consequently, there was less adhesion from the work material onto the tool insert’s rake 
face. Overall, based on the findings in this section, it is possible to conclude that one of the 
contributions of cryogenic cooling on machining of Ti-5553 alloy is to reduce machining 
tool-wear, and hence to improve machining performance of Ti-5553 alloy. It also can be 
concluded that MQL machining was not found to be overly helpful in reducing machining 
tool wear during machining of Ti-5553 alloy.   
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Figure 3-14: The chemical elements distributed on the rake face of the tool insert: (a) 
SEM image showing the material adhesion on the rake face; (b) Titanium distribution; (c) 
Aluminum distributions; and (d) Vanadium distribution; (e) Silicon distribution and (f) 
EDS analysis of different chemical compositions. 
3.3.3 Microstructure 
3.3.3.1 Microstructure of Machined Ti-6Al-7Nb Alloy 
Machining has been investigated as a severe plastic deformation (SPD) process 
which introduces ultra-fine grains at the surface and subsurface region for various materials, 
such as Ti-6Al-4V alloy (Ezugwu et al., 2007), Inconel 718 (Pusavec et al., 2011) and AISI 
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304L (Ghosh and Kain, 2010). From these studies, the depth of the process-induced layer 
on the material surface is affected by the different machining process parameters, such as 
cutting speed, feed rate, depth of cut and cooling conditions. The influence of those factors 
on the surface deformation of the work material surface were investigated in this study.  
Near-surface microstructures of as received Ti-6Al-7Nb alloy obtained before 
machining is shown in Figure 3-15. As shown in the Figure, the clear grain boundaries of 
α and β phases are present both on and beneath the surface. From measuring the grains of 
bulk material, the average grain size was around 3 to 4 µm. 
Figure 3-15: Microstructure at the near the surface of Ti-6Al-7Nb alloy before machining 
experiments. 
During the machining process, the surface of the workpiece material is subjected to 
large deformations and thermal gradients that often result in microstructural changes. To 
identify the effect of the machining process on grain refinement within the influenced layer 
of the work material, the microstructures of each machined Ti-6Al-7Nb alloy sample after 
dry and cryogenic machining using different cutting speeds are shown in Figure 3-16 
through Figure 3-18, respectively. In comparing these figures, it is apparent that grain 
α phase 
β phase 
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refinement occurred on the machined surface during both dry and cryogenic machining. 
The thickness of the deformed layer as a function of machining conditions, such as cutting 
speed, cooling/lubricating conditions shows a significant difference. The thickness of the 
deformed layer in the microstructures of machined Ti-6Al-7Nb alloy sample using 30 
m/min under dry machining is smaller than that observed using cryogenic cooling under 
the same conditions. The difference between dry and cryogenic machining became 
significant, especially at the highest cutting speed of 90 m/min, where the induced layer 
from cryogenic processing was more than twice as than that in dry machining. 
Figure 3-16: Microstructure near the surface of Ti-6Al-7Nb alloy after (a) dry machining; 
and (b) cryogenic machining (V = 30 m/min, f = 0.05 mm/rev). 
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Figure 3-17: Microstructure near the surface of Ti-6Al-7Nb alloy after (a) dry machining; 
and (b) cryogenic machining (V = 60 m/min, f = 0.05 mm/rev). 
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Figure 3-18: Microstructure near the surface of Ti-6Al-7Nb alloy after (a) dry machining; 
and (b) cryogenic machining (V = 90 m/min, f = 0.05 mm/rev). 
Overall, the obtained results as a function of different conditions at low and high 
cutting speed are presented in Figure 3-19. With increasing cutting speed, the thickness of 
the deformed layer under dry machining did not change significantly, as the generated layer 
is around 20 µm to 25 µm, as shown in Figure 3-19. However, in comparison with dry 
machining, the depth of the machining-induced layer under cryogenic machining is 
increased from 38 µm to 50µm. This is attributed to the significantly greater strain 
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hardening prevalent in cryogenic processing.  
Figure 3-19: Influenced layer depth of Ti-6Al-7Nb alloy after dry and cryogenic 
machining (f = 0.05 mm/rev, d = 0.5 mm). 
3.3.3.2 Microstructure of Machined Ti-5553 Alloy 
After machining, significant microstructural changes can be induced in metallic 
materials by mechanical (high strain and stress) and thermal (high cutting temperature) 
effects (Caudill et al., 2014). The SPD layer that has also been reported to be found on the 
surface of machined titanium alloys (Rotella et al., 2014; Axinte et al., 2006). Meanwhile, 
grain refinement (including nanocrystallization) was introduced by SPD processing on the 
surface of work materials. In the studies of Caudill et al. (2014) and Rotella et al. (2014), 
the larger SPD layers were discovered on the machined surface when cryogenic cooling 
was applied in machining of Ti-6Al-4V alloy. Both studies reported that the cooling effect 
of liquid nitrogen, compared with dry and flood-cooled/ MQL machining, allowed for 
desirable mechanical effects, such as grain refinement and work hardening, to be retained.  
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Figure 3-20: Microstructure of Ti-5553 alloy bulk material. 
The microstructures of Ti-5553 alloy samples from MQL, flood-cooled and 
cryogenic machining experiments, at a cutting speed of 50 m/min are shown in Figures 3-
21 through 3-23. Even though a machining influenced layer can be seen in the 
microstructures of all cooling/lubricating conditions, the thickness of these layers was 
different for each condition, and the thickness of machining-influenced layer from 
cryogenically-machined samples was the largest among the three conditions.  
Ti-5553 alloys have a two phase (α and β phase) in the microstructure, therefore, to 
quantitatively understand any relevant microstructural changes, the volume fraction of β 
phase was measured for each image. The results from these measurements are consistent 
with the measurements form the images of machined samples.      
      The depth of induced layer and intensity of deformation are both influenced by 
different parameters. In this study of machining Ti-5553 alloy, cutting speed and different 
cutting conditions (cryogenic, flood-cooled and MQL) are taken into account to analyze 
the microstructural changes after machining processes. The microstructure of the bulk 
material is shown in Figure 3-20.  
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Figure 3-21: Microstructure (20 magnification) of Ti-5553 alloy after MQL machining 
(V = 50 m/min, f = 0.05 mm/rev). 
Figure 3-22: Microstructure (20 magnification) of Ti-5553 alloy after flood-cooled 
machining (V = 50 m/min, f = 0.05 mm/rev). 
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Figure 3-23: Microstructure (20 magnification) of Ti-5553 alloy after cryogenic 
machining (V = 50 m/min, f = 0.05 mm/rev). 
3.4 Concluding Remarks 
Titanium alloys are considered to be difficult-to-machine materials. In this chapter, 
an experimental investigation was performed to characterize the effects of different 
machining parameters, including cutting speeds, feed rates and cooling conditions, on the 
cutting forces, machining tools and surface integrity of machined Ti-6Al-7Nb and Ti-5553 
alloys. From the obtained results of this analysis, it can be concluded that cryogenic 
machining can be used to improve the machining performance and surface integrity of 
titanium alloys (Ti-6Al-7Nb and Ti-5553 alloys) in the following aspects: 
 Lower cutting force components were observed when liquid nitrogen was sprayed
from the rake face towards the cutting edge region of the tool during machining
of Ti-6Al-7Nb and Ti-5553 alloys, especially when the high cutting speed was
selected, compared with dry, flood-cooled and MQL machining processes.
 A significant reduction of tool-wear was achieved during cryogenic machining,
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and less adhesion from the work material onto the insert rake face after liquid 
nitrogen was observed. 
 Cryogenic machining resulted in pronounced grain refinement beneath the
machined surface of Ti-6Al-7Nb and Ti-5553 alloys. Similar refinement was also
observed under dry and flood-cooled conditions, although to a lesser degree,
especially when the higher cutting speeds were applied.
In summary, cryogenic machining has been shown to improve the machinability of 
titanium alloys, while also leading to more desirable surface integrity of the machined 
component. Further work, including systematically investigating the effects of cryogenic 
cooling on the quality and performance of the machined products, such as surface hardness, 
surface roughness, residual stress, corrosion resistance, and fatigue life, etc. should be 
carried out to further understand the mechanisms by which cryogenic machining allows for 
nanostructured surface layers to be created.  
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CHAPTER 4.  
SURFACE INTEGRITY OF TITANIUM ALLOYS INDUCED BY
CRYOGENIC MACHINING 
4.1 Introduction 
Machining operations improve the workpiece surface characteristics by inducing 
the severe plastically deformed (SPD) layers on the surface of the processed material. 
These layers often exhibit increased surface integrity characteristics, such as higher 
hardness (Axinte et al., 2006; Ozel, 2009), better surface roughness (Che-Haron and Jawaid, 
2005; Sun and Guo, 2009), refined microstructures (Ginting and Nouri, 2009; Han et al., 
2008) and increased compressive residual stress (Arunachalam et al., 2004; Outeiro et al., 
2008), and the magnitude of these characteristics is highly dependent on the implemented 
cutting parameters (cutting speed, feed rate and depth of cut), cooling conditions and 
machining tools (Nurul-Amin et al., 2007; Pawade et al., 2008).      
Surface integrity plays an important role in the functional performance of employed 
components. It describes the mechanical, metallurgical and chemical states of the surface 
and sub-surface properties of the machined components. (Jawahir et al., 2011). Thus, by 
controlling the machining process to introduce the desired properties in the surface and 
sub-surface region, employed components could experience increased functional 
performance and prolonged service life.  
In all machining operations, heat is generated in a small region surrounding the 
cutting tool surface, where plastic deformation and friction convert up to 90% of cutting 
power into waste heat. The application of cutting fluid aims to reduce cutting temperatures 
by heat transfer (cooling) and reduction of friction through lubrication. However, 
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conventional cutting fluids have been identified as a cause of significant health and 
environmental problems (El Baradie, 1996; Yildiz and Nalbant, 2008). Cryogenic 
machining, utilizing liquid nitrogen as a coolant, offers a sustainable, non-toxic and 
environmentally friendly alternative to conventional metalworking fluids (Jawahir et al., 
2011). The beneficial effects of cryogenic coolant on the machining performance of various 
work materials, in terms of cutting temperature, cutting force, friction and surface integrity 
etc. have recently received increased focus from researchers (Jawahir et al., 2016). 
The research presented in this chapter is focused on the surface integrity 
characteristics of titanium alloys (Ti-6Al-7Nb and Ti-5553 alloys) induced by cryogenic 
machining, and offers a comparison with other cooling/lubricating conditions (dry, flood-
cooled and MQL). Surface integrity of machined samples, such as surface roughness, 
surface hardness, microstructure and residual stress, are investigated in this study.  
4.2 Experimental Procedure 
The work materials used in the experiments are Ti-6Al-7Nb and Ti-5553 alloys, and 
the specific methodology employed, including machining parameters (e.g., cutting speeds, 
feed rates depth of cut) and cooling/lubricating conditions, and surface integrity are 
described in Chapter 3.  
4.2.1 Measurement 
4.2.1.1 Surface Roughness and Microstructure Measurement 
Surface roughness characterization of the as-received and machined workpiece 
materials under different processing conditions were measured using a Zygo NewView 
7300 white light interferometer system.  
The microhardness variation with different depths from the surface of samples was 
77 
measured using a Vickers indenter on a CSM Micro-Combi Tester at 50 gf load and 15 
seconds dwell time.  
4.2.1.2 Residual Stress Measurement 
To determine the in-depth residual stress profiles of machined Ti-6Al-7Nb alloy, an 
electro- polishing equipment was used to remove thin layers from the surface of machined 
samples of Ti-6Al-7Nb alloy. Therefore, the variation of residual stress on the machined 
surface and subsurface of Ti-6Al-7Nb alloy samples can be measured after machining 
experiments. Figure 4-1 shows the setup of electro-polishing experiments and Tables 4-1 
and 4-2 showed the electro-polishing solution and parameters used in the experiments. For 
each measurement, the machined sample was prepared by cold mounting and exposed only 
a small window to make sure the same location of the machined surface was measured.  
Figure 4-1: Setup of Electro-polishing experiments. 
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Table 4-1: Electro-polishing solution. 
Electrolyte 
Ethanol (95%) 700 ml 
2-Butoxy ethanol 100 ml 
Perchloric acid (30%) 200 ml 
Table 4-2: Electro-polishing parameters. 
Electro-polishing 
parameters 
Ethanol (95%) 700 ml 
2-Butoxy ethanol 100 ml 
Perchloric acid (30%) 200 ml 
The measured residual stress on the as-received and machined samples of Ti-6Al-
7Nb alloy were analyzed by X-ray diffraction (XRD) techniques, using a conventional X-
ray diffractometer “Rigaku D/Max 2200/PC, Rigaku Corporation, Tokyo, Japan” (Cu-Kα 
radiation operating at 40kV) by continuous scanning between 30⁰ and 140⁰ for 2θ angles. 
The setup for residual stress measurement is shown in Figure 4-2, and the constants used 
in residual stress analysis are shown in Table 4-3. 
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Figure 4-2: X-ray diffractometer used for measuring the residual stress. 
Table 4-3: Stress constants for titanium. 
Lattice constants 
a: 2.9505 Alpha: 90° 
b: 2.9505 Beta: 90° 
c: 4.6826 Gamma: 90° 
Wavelength 1.54056 
Hkl 114 
Diffraction angle 114.278 
Peak angle 114.278 
Stress Constant (Mpa/deg) -417.56 
4.3 Results and Discussion 
4.3.1 Surface Roughness 
4.3.1.1 Surface Roughness of Machined Ti-6Al-7Nb Alloy 
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The measured surface roughness, Ra values are shown in Figure 4-3 (a) to (c). It is 
quite evident that lower surface roughness was produced by cryogenic machining, 
compared with dry machining. This can be attributed to less adhesion between the tool 
rake/flank face and the newly generated machined surface under a lower cutting 
temperature caused by the delivery of liquid nitrogen during cryogenic machining. A 
similar trend was also found when cryogenic machining was used to process Ti-6Al-4V 
alloy (Dhananchezian and Kumar, 2011). Lower friction at the interfaces of tool-work 
material and tool-chip was also shown as resulting from the lubrication and cooling effects 
in the cryogenic coolant (Yuan et al., 2011).  
Figure 4-3: Surface roughness of machined Ti-6Al-7Nb alloy under different cooling 
conditions: (a) V = 30 m/min; (b) V = 60 m/min; and (c) V = 90 m/min. 
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As expected, cryogenic cooling shows better surface roughness compared with dry 
machining. Better surface quality achieved in cryogenic machining is due to much 
smoother surface topography, compared with dry machining (Kaynak et al., 2014).  The 
differences between valleys and peaks from dry machined surfaces are much larger than 
the surface of cryogenic machining, as shown in Figures 4-4 through 4-6. 
Figure 4-4: Surface topologies of machined Ti-6Al-7Nb alloy under (a) cryogenic 
machining and (b) dry machining (V = 30 m/min, f = 0.05 mm/rev). 
Figure 4-5: Surface topologies of machined Ti-6Al-7Nb alloy under (a) cryogenic 
machining and (b) dry machining (V = 30 m/min, f = 0.1 mm/rev). 
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Figure 4-6: Surface topologies of machined Ti-6Al-7Nb alloy under (a) cryogenic 
machining and (b) dry machining (V = 30 m/min, f = 0.15 mm/rev). 
4.3.1.2 Surface Roughness of Machined Ti-5553 Alloy 
Figure 4-7 illustrates the distributions of surface roughness after machining Ti-5553 
alloy under flood-cooled, cryogenic and MQL machining conditions at three different 
cutting speeds of 20, 50 and 80 m/min and feed rates of 0.05, 0.125 and 0.2 mm/rev. The 
surface roughness of each machined sample was measured at five different areas around 
the cylindrical surface across the feed marks. For each area, five lines were drawn on the 
surface profiles and the surface roughness (Ra) values were measured. As shown in the 
figure, the surface roughness increased with the increasing feet rates in all three cooling 
conditions. The commonly-known geometric expression shown by Eq. (4-1) (Schey, 
2000):
Ra = f 2/(32R)                                                 (4 - 1) 
where f represents the feed rate and R is the nose radius of the tool insert. It can 
generally explain the variation of surface roughness. However, this expression is not 
accurate for predicting the Ra at very low feeds because of the complex work material-tool 
geometry interactions, including the cutting edge radius (Shaw, 2005). Assuming that the 
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nose radius is not changed because the cutting time is short and limited, an increased feed 
rate will result in a corresponding increase in the surface roughness at moderate to high 
feed rates.  
For low feed rates, the surface roughness measured on the sample from cryogenic 
machining is higher than that of flood-cooled and MQL machining. Higher temperatures 
generated during machining of Ti-5553 alloy provided the benefit of lower the surface 
roughness as reported by Braham-Bouchnak et al. (2013) and Baili et al. (2011). According 
to these studies, higher ductility of the material would be prevalent at elevated 
temperatures. This is similar to the MQL machining experiments conducted in this 
investigation. By providing a source of lubrication, reduced frictional effects on the 
machined surface, particularly at larger feed rates, allows for smaller surface roughness 
values compared with the values for cryogenic and flood-cooled machining. This is 
because more material would flow into the feed cavities caused by the insert nose due to 
higher ductility during MQL machining.  
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Figure 4-7: Surface roughness of machined Ti-5553 alloy under different cooling 
conditions: (a) V = 20 m/min; (b) V = 50 m/min; and (c) V = 80 m/min. 
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4.3.2 Microhardness 
4.3.2.1 Microhardness of Machined Ti-6Al-7Nb Alloy 
The hardness variation with depth bellow the machined surface of Ti-6Al-7Nb alloy, 
at the cutting speed of 30 m/min and feed rates of 0.05, 0.1 and 0.15 mm/rev under dry and 
cryogenic conditions are shown in Figure 4-8. The hardness increased 18.1% from 28 HRC 
in the bulk material to 33 HRC at about 20 µm below the machined surface. However, 
using the same machining parameters, the hardness increase from dry machining increases 
was much smaller (24.8-29.4 HRC). Thermal softening was observed in dry machining, 
due to the high cutting temperature caused by the low thermal conductivity of titanium 
alloys. 
To understand the influence of cutting speeds on the hardness of machined samples, 
the measured sub-surface hardness profiles at different cutting speeds for different cooling 
conditions is shown in Figure 4-9. The obtained hardness measurements demonstrate that 
hardness increased from the bulk hardness of 28 HRC up to a maximum of 33-35 HRC 
(~25% increase) at about 20 μm below the machined surface of Ti-6Al-7Nb alloy in 
cryogenic machining. The strain-hardened surface layer induced during cryogenic 
machining can be traced to a depth of approximately 500 μm. Significantly smaller 
microhardness values were found for each depth under dry machining conditions, 
especially at the highest cutting speed (V = 90 m/min), where pronounced thermal softening 
resulted in lower-than-bulk hardness values. 
The relationship between hardness and other surface integrity factors, such as grain 
size and residual stress has been studied by many researchers. For example, the well-known 
Hall-Petch equation describes the relationship between decreasing grain size and 
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increasing hardness for many metallic materials. Along with work hardening effects (i.e., 
dislocation accumulation and pinning), the significantly increased sub-surface hardness 
may also imply the refinement of grains within the subsurface of materials (Weertman, 
1993; Che-Haron and Jawaid, 2005). In the deformed layers generated by machining, 
where the intertwined thermomechanical effects of heat and strain affect the final hardness 
of the machined component, the processed-induced hardness was found to generally 
increase compared to the bulk material, because of work hardening (Matsumoto et al., 1986; 
Ezugwu et al., 2005). 
When comparing the dry and cryogenic machining conditions, the larger work-
hardened layer depth from cryogenic machining presented in this study suggests a 
significant reduction in thermal softening through effective heat removal and association 
reduction of cutting temperatures. As heat is removed quickly, the effect of strain hardening 
counters the thermal softening effect, while the latter is dominant in dry machining. 
Although there are some concerns regarding excessive work hardening and embrittlement 
due to severe plastic deformation, the benefit of increased hardness with respect to wear 
resistance and residual stress has been established by several researchers (Bressan et al., 
2008; Hua et al., 2005). Therefore, it was concluded that for biomedical implant 
applications, higher hardness implies improved wear resistance and increased compressive 
stress, both of which serve to improve the functional performance and longevity of heavily 
loaded components. 
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Figure 4-8: Microhardness beneath the machined surface of Ti-6Al-7Nb alloy for 
cryogenic and dry machining at V = 30 m/min (f = 0.05, 0.1, and 0.15 mm/rev). 
Figure 4-9: Microhardness beneath the machined surface of Ti-6Al-7Nb alloy for 
cryogenic and dry machining at f = 0.05 mm/rev (V = 30, 60, and 90 m/min). 
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4.3.2.2 Microhardness of Machined Ti-5553 Alloy 
Surface microhardness has a significant influence on the service behavior of 
finished components, particularly in applications where high wear resistance is required. 
In this investigation, microhardness measurements were carried out on machined Ti-5553 
alloy at varying locations through the depth beneath the machined surface, as shown in 
Figure 4-10.  
During machining, the surface of a material undergoes extreme strain and thermal 
loading, particularly at the tool-workpiece contact. Kalpakjian and Schmid (2006) report 
that the value of strain in a typical machining process is around 10 times larger than those 
encountered in forging or rolling processes. In the deformed surface layer, where heat and 
strain affect the final hardness of the machined component, the process-induced hardness 
has been found to be greater than the bulk material because of work hardening (Coelho et 
al., 2004; Sonmez and Demir, 2007). 
Based on the microhardness distribution observed in this study, at low feed rate 
(0.05 mm/rev), much higher hardness caused by work hardening in the deformed layer, 
was found up to 200 μm depths beneath the surface of the cryogenically-machined sample, 
compared with flood-cooled and MQL machined samples. Hardness values lower than that 
of bulk material were found in flood-cooled and MQL samples at low feed rates. However, 
at higher feed rate, as more plastic deformation was introduced in the surface of Ti-5553 
alloy, the work-hardening effect results in greater hardness and thicker deformation layers 
(400 μm maximum) at the machined surface for all cooling/lubricating conditions, as 
shown in Figure 4-10. Meanwhile, through the application of liquid nitrogen, the 
detrimental effects of thermal softening and potential thermal damage (i.e., alpha case) is 
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mitigated. The hardness of the cryogenically-machined sample remained desirable even at 
a high feed rate (0.2 mm/rev).  
Figure 4-10: Microhardness beneath the machined surface of Ti-5553 alloy for 
cryogenic, flood-cooled and MQL machining at cutting speed of 30 m/min (f = 0.05, 
0.125, and 0.2 mm/rev). 
4.3.3 Grain Reorientation and Refinement 
4.3.3.1 Microstructures of Machined Ti-6Al-7Nb Alloy 
An SEM image of as-received Ti-6Al-7Nb alloy is shown in Figure 4-11. It is 
obvious that the clear grain boundaries of α and β phases are present both on and beneath 
the surface. The average grain size within the bulk material was 3 - 4 μm. In addition to the 
as-received materials shown in Figure 4-11, SEM micrographs of machined samples were 
also captured to demonstrate the effects of cryogenic and dry machining on the 
microstructure of Ti-6Al-7Nb alloy, as shown in Figure 4-12.  
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Figure 4-11: SEM picture of as-received Ti-6Al-7Nb alloy. 
In Figure 4-12 (a) and (b), the machined surfaces of dry and cryogenic conditions, 
at a cutting speed of 30 m/min, are quite different when compared with the as-received 
bulk material. The micrographs also show evidence of severe plastic deformation (SPD) 
layers near the surface of both dry and cryogenically machined specimens. However, as 
discussed previously with regard to surface roughness, cryogenic machining resulted in a 
significantly smoother machined surface (layer) and increased SPD depth compared to dry 
samples generated under similar conditions. The occurrence of SPD layers has been widely 
reported to result during machining of titanium alloys, as well as a broad range of other 
metallic materials (Liao et al., 2019). More recently, Caudill et al. (2014) and Rotella et al. 
(2014) reported significantly deeper SPD layers generated via cryogenic machining and 
burnishing of Ti-6Al-4V alloy. Both studies reported that the cooling effect of liquid 
nitrogen, compared with dry, flood-cooled, and MQL machining, allowed for desirable 
10 μm 
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mechanical effects, such as grain refinement and work hardening, to be retained, while 
reducing the potentially harmful effect of thermal softening.   
With the increasing cutting speed, the reorientation of grains was observed for all 
machined samples, within thin “featureless” surface layers generated on the machined 
surface. As a result of the severe plastic deformation inherent to all machining operations, 
significant microstructural changes can be induced in metallic materials (Yang and Liu, 
1999). Even though a machining-induced layer can be seen in the SEM micrographs of all 
machined samples, as shown in Figure 4-12, the thickness of this layer varied according to 
the process parameters and cooling condition.  
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Figure 4-12: SEM pictures of Ti-6Al-7Nb alloy after (a) dry machining, V = 30 m/min; 
(b) cryogenic machining, V = 30 m/min; (c) dry machining, V = 60 m/min; (d) cryogenic 
machining, V = 60 m/min; (e) dry machining, V = 90 m/min; and (f) cryogenic 
machining, V = 90 m/min. 
10 μm 10µm
10µm
10µm
10µm 10µm 
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93 
Overall, the machining-induced layer thickness increased with increasing cutting 
speed under all conditions. Indeed, a similar trend was previously reported by Yang et al. 
(2015) for cryogenic and dry burnishing of Co-Cr-Mo biomedical alloy. It is hypothesized 
that the increase in strain-rate and thermal loading (i.e., increase in strain and thermal 
energy imparted into the machined surface) with increasing cutting speed promotes 
increased recrystallization of the near-surface workpiece material, resulting in the observed 
effect. Moreover, significantly greater severe plastic deformation was enabled when liquid 
nitrogen was applied in cryogenic processing, suggesting that mechanical (strain and 
strain-rate) effects dominate the SPD and recrystallization process. Removal of thermal 
effects further limits the possibility of thermally-induced dislocation annihilation (i.e., 
annealing effects), leaving only twinning and recrystallization as viable mechanisms in 
response to the energy supplied during the SPD (cutting) process. Therefore, cryogenic 
machining would be expected to result in increased recrystallization/featureless layer 
depths, which is precisely what has been observed both during the present study and in 
previous work on cryogenic machining of other metallic materials (Jawahir et al., 2016). 
To better understand the microstructures and properties of the machining-
influenced layer on the machined surface of Ti-6Al-7Nb alloy, focused ion beam (FIB) 
microscopy was employed to characterize the microstructural features of machined 
specimens. As part of the FIB technique, a focused beam of ions (generally  𝐺𝑎  ) is 
employed to mill a defined cross-section (trench) into the surface of the sample material 
(Holzer et al., 2004). The measured ion milled trench depth beneath the machined surface 
was approximately 25 µm, as shown in Figure 4-13.  
As discussed previously, the surface of the workpiece material is subjected to large 
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deformations and thermal gradients that often result in microstructural changes. During the 
quantitative evaluation of microstructure, grain size was selected as the main factor during 
the present study, as it has a significant influence on the mechanical properties of metallic 
components (Huang et al., 2015). 
Figure 4-13: FIB picture of Ti-6Al-7Nb alloy: defined cross-section (trench). 
Figure 4-14 presents the FIB pictures of machined Ti-6Al-7Nb alloy after dry and 
cryogenic machining processes. A thin (1.3µm and 2.6µm, respectively) surface layer, 
comprised of nanostructured grains has been observed under both machining conditions 
(dry and cryogenic). On average, grains measured within the top SPD layer from 
cryogenically machined samples are 40 to 50 nm in diameter, which is approximately 2 
times smaller than similar nanograins found near the surface of dry machined samples. 
Likewise, the depth of the SPD layer was about twice as large for cryogenic conditions, 
when compared with similar dry machined samples. These observations are further 
evidence for the ability of cryogenic machining to effectively suppress grain growth and 
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other thermally-induced mechanisms (e.g., thermal softening). It appears that lower 
temperature deformation during machining promotes increased strain hardening and 
recrystallization, while simultaneously reducing ploughing effects that would otherwise 
increase the surface roughness. For these reasons, cryogenic machining could be 
considered as a high-performance, sustainable alternative to dry machining of Ti-6Al-7Nb 
alloy components.   
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Figure 4-14: FIB pictures of Ti-6Al-7Nb alloy: after (a) dry machining, and (b) cryogenic 
machining (V = 60 m/min, f = 0.05 mm/rev). 
4.3.3.2 Microstructures of Machined Ti-5553 Alloy 
Figures 4-15 and 4-16 show the microstructures of machined surface of Ti-5553 
alloy sample after using 50, 80 m/min cutting speed and 0.125 mm/rev feed rate under 
cryogenic machining. To better analyze the microstructures of material, a focused beam of 
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ions (generally 𝐺𝑎  ) was employed to mill a defined cross-section into the surface of the 
sample material. And, the measured polishing depth beneath the machined surface was 
approximately 25 µm.   
As studied previously, the surface of the workpiece material is subjected to large 
deformations and thermal gradients during machining processes, and it often results in 
microstructural changes. To quantitatively evaluate the sample’s microstructure, grain size 
was used as the main factor as it has a significant influence on the mechanical properties 
of metallic components.   
Figure 4-15: FIB pictures of Ti-5553 alloy: milled cross-section (trench). 
5.036 µ
m
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Figure 4-16: FIB tomography of cryogenic machining of Ti-5553 alloy at cutting speeds 
of (a) 50 m/min and (b) 80 m/min at the feed rate of 0.05 mm/rev. 
From Figure 4-16 (a), clear grain boundaries and the surface layer (5.1 µm) which 
contains nanostructured grains are observed. The average grain size in this thin surface 
layer is about 130-400 nm. As discussed in previous chapter, the machining-influenced 
layer thickness was affected by cutting speed. As shown in Figure 4-16 (b), with the higher 
5.1µm 
8.32 µm 
(a) 
(b) 
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cutting speed of 80 m/min, the influenced layer thickness obtained increased to 8.32 µm, 
while being comprised of nanostructured grains.  
4.3.4 XRD Analysis of Ti-6Al-7Nb Alloy 
A series of X-ray diffraction (XRD) analysis tests were performed by using a 
conventional X-ray diffractometer “SIEMENS”. Measurements were taken on the surface 
of the as-received material, as well as on the machined surface and sub-surface of Ti-6Al-
7Nb alloy after cryogenic and dry machining. The diffraction pattern of as-received 
material after X-ray analysis is shown in the Figure 4-17. Diffraction spectra in 30 to 80° 
range were collected for 2θ angles. To identify different phases in the XRD pattern, all 
major peaks in the pattern have been collected and compared with reference peaks. Each 
different phase produced a different combination of peaks in the pattern, and according to 
Bragg’s law (Pendry, 1974), the miller indices (hkl) can be determined: 
 Hexagonal crystal: a = b = 90  c = 120°
      - Ti α phase              (4 - 2) 
 Cubic crystal:  a = b = c = 90°
        - Ti β phase (4 - 3) 
With proper calculation, the amount of each phase is listed in the pattern in Figure 
4-17. It indicates that the main crystal structure of Ti-6Al-7Nb alloy studied was hexagonal 
close-packed (hcp) α phase and body-centered cubic (bcc) β phase. 
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Figure 4-17: XRD pattern of as-received Ti-6Al-7Nb alloy sample. 
In XRD spectra of machined Ti-6Al-7Nb alloys, as shown in Figure 4-18, apart from 
the dominating reflections from the α phase, the bcc phase reflections can be interpreted as 
body-centered cubic (bcc) β phase. And the quantity of β phase changes within the top 
layers of different samples can be observed from the comparison of XRD patterns, but the 
difference is very small. However, the significant differences of α phases which present as 
peak shapes can be observed in the pattern (Lin et al., 2004; Chlebus et al., 2011). 
Diffraction peak broadening contains information about the sample microstructure.  
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Figure 4-18: XRD patterns of Ti-6Al-7Nb alloy at different cutting conditions: (a) 
cryogenic machining, V = 30 m/min; (b) dry machining, V = 30 m/min; (c) cryogenic 
machining, V = 60 m/min; and (d) dry machining, V = 60 m/min. 
(a) (b) 
(c) (d) 
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Scherrer’s formula was published in 1918 to calculate the average crystallite size 
by using XRD radiation (Monshi et al., 2012), shown as Eq. (4-4): 
𝐿 (4 - 4) 
where, L is average crystallite size; λ is the X-ray wavelength in nanometer; β is 
full width at half maximum of peak; K is Scherrer constant, varies from 0.62 to 2.08; θ is 
the angle from 2θ. 
From Eq. (4-4), we can conclude that: 
• Peak Width due to crystallite size varies inversely with crystallite size, as
the crystallite size gets smaller, the peak gets broader.
• The crystallite size broadening is most pronounced at large angles 2θ.
However, the instrumental profile width and microstrain broadening are
also largest at large angles 2θ, peak intensity is usually weakest at larger
angles 2θ.
• Scherrer’s formula is accurate when grains diameters are between 1 nm-100
nm.
Figure 4-19 Shows that the average grain size obtained from Scherrer’s formula 
calculation. By comparing the data from calculation and grain size measured from FIB 
pictures, as shown in Figure 4-20, we can summarize as follow: 
• Comparing the data obtain from machined samples, it indicates that
machining processes induced grain refinement, and the grains on the
machined surface induced layer from all the machined Ti-6Al-7Nb alloy
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samples are under 100 nm.  
• The calculation by using Sherrer’s formula is accurate, due to the average
grain size obtained is in the range of 10 nm to 100 nm.
• With increasing cutting speeds, the average grain size calculated from dry
machining increased because of high thermal effect and low cooling rate
during the machining process. However, these data obtained from cryogenic
machining changed in a very small range.
Figure 4-19: Average grain size calculated from XRD data of Ti-6Al-7Nb alloy at 
different cooling conditions (V = 30, 60, and V = 90 m/min). 
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Ti-6Al-7Nb alloy Cryogenic Dry 
V = 30 m/min 
f = 0.05 mm/rev 
V = 60 m/min 
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V = 90 m/min 
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Figure 4-20: Grain size measurement of FIB pictures. 
4.3.5 Residual Stress in the Machined Ti-6Al-7Nb Alloy 
To evaluate the surface residual stress in the machined Ti-6Al-7Nb alloy, detailed 
X-ray diffraction analysis and electropolishing was performed on both bulk and machined 
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specimens of Ti-6Al-7Nb alloy. Measurements were taken on the surface of the as-received 
material, as well as on the machined surface and subsurface after cryogenic and dry 
machining. The diffraction pattern of as-received material after X-ray analysis is shown in 
Figure 4-21. Diffraction data was collected in 30°to 80°range, with analysis indicating 
that the dominant phase of the Ti-6Al-7Nb alloy studied was the hexagonal close-packed 
(hcp) α phase, with the strongest peak originating from the basal (0001) crystal plane, 
suggesting a mild texture due to pre-processing steps (e.g., rolling).        
Figure 4-21: X-ray diffraction pattern of as-received Ti-6Al-7Nb alloy, indicating 
dominance of the α phase for this α+β alloy. 
The effect of cutting parameters and cooling conditions on the sub-surface residual 
stress profile are shown in Figure 4-22 (a) and (b). Six measurements on different locations 
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of the machined sample were taken, and the profiles of residual stress were assembled by 
averaging the data at each depth, to make the results more consistent. The plots present 
residual stress in both the tangential (cutting) and axial (feed) directions. As shown in 
Figure 4-22, the residual stress state of the bulk material in both directions was 
approximately zero, which was expected due to a previous annealing process. All machined 
samples exhibited compressive stresses both at the surface and sub-surface. With 
increasing cutting speed, compressive residual stresses were induced under cryogenic 
machining from the machined surface up to a depth of 250 μm in the tangential direction, 
and 320 μm in the axial direction. At the highest cutting speed of 90 m/min, the peak 
compressive residual stress increased to – 440 MPa in the tangential direction and – 640 
MPa in the axial direction, and no near-surface tensile residual stress was detected for any 
cryogenically machined sample. 
The peak compressive residual stresses obtained from dry machining were far 
smaller than those from cryogenic machining, regardless of direction. Moreover, tensile 
residual stresses were found on both the machined surface and within the sub-surface of 
dry machined samples. Increased tensile stress was obtained in the subsurface of machined 
sample when cutting speed was 30 m/min. When cutting speeds reached 60 m/min and 90 
m/min, larger tensile stresses were present on the machined surface, suggesting an 
increasingly shallow heat-affected layer during high-speed dry machining. 
The complex thermo-mechanical loading of the work material during machining is 
the main reason for residual stress variation from the machined surface to the sub-surface. 
With increasing cutting speed, the magnitude of compressive residual stress increases due 
to high strain rate mechanical deformation. However, high cutting temperatures 
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simultaneously lead to localized heating of the machined surface. Therefore, the thermal 
effect played a dominant role in the very top surface layers, leading to increased tensile 
residual stress and reduced compressive residual stress in the near sub-surface (Li et al., 
2011). With liquid nitrogen application, the cutting temperature was reduced significantly, 
which effectively suppressed thermally-induced tensile surface stresses, while enhancing 
the effect of mechanical deformation. Therefore, cryogenically-machined samples 
exhibited increased magnitude and depth of compressive residual stress in work material, 
as shown in Figure 4-22.   
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Figure 4-22: Residual stress beneath machined surface of Ti-6Al-7Nb alloy at different 
cutting conditions: (a) Tangential direction; (b) Axial direction. 
4.3.6 Cutting Temperature 
As cutting temperature plays an important role on the thermos-mechanical behavior 
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of the workpiece material, an infrared camera was used to measure the temperature 
variation on the machined surface during the cutting process. Therefore, monitoring the 
cutting temperature during machining helped to understand the behavior of the workpiece 
during the cutting process, such as phase transformation, grain orientation and material 
surface properties, etc.  
To acquire an accurate cutting temperature during measurements, emissivity is an 
important factor that affects to the results. In this study, the emissivity values of Ti-6Al-
7Nb alloy was determined to be a value of 0.3 - 0.4 (L. Klein SA, 2018) and the emissivity 
value of Ti-5553 alloy was 0.63 found previously (Sun et al., 2015; Kaynak et al., 2017). 
Through the calibration and comparison with the similar study, the values of emissivity of 
Ti-6Al-7Nb and Ti-5553 alloys used in this study are 0.3 and 0.63, respectively. As shown 
in Figures 4-23 and 4-24, the area where the highest temperature was located on the 
workpiece was near the work material-tool contact area (denoted by the white rectangular 
box), and the software associated with the infrared camera provided the temperature 
distribution with the exact value of the highest temperature.  
4.3.6.1 Cutting Temperature in Machining of Ti-6Al-7Nb Alloy 
As shown in Figure 4-23, a trend of increasing cutting temperatures is observed 
with increasing the cutting speed, when machining Ti-6Al-7Nb alloy under dry and 
cryogenic machining at cutting speeds of 30 m/min to 90 m/min. Compared with dry 
machining, the highest temperature in cryogenic machining decreased by approximately 
by 53.1%, 32.2% and 22.2%, respectively. As expected, the cooling effect became 
progressively less pronounced at higher cutting speeds during cryogenic machining 
experiments, because more heat was generated and a lower cooling rate was achieved with 
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liquid nitrogen. Similar results were previously reported, where the highest temperature 
being reduced at higher cutting speeds while liquid nitrogen was used to machining Al 7050 
and Al 7075 alloys (Huang, 2016). A similar cutting temperature trend was also observed 
during machining of magnesium alloys (Pu, 2012).  
When the feed rate was taken into account as a factor of influencing cutting 
temperature during machining, as shown in Figure 4-24 for the cutting speed of 30 m/min, 
a significant reduction in cutting temperature in the area of tool-workpiece was observed 
in cryogenic machining, compared with dry machining. The temperature decreased from 
278℃ for dry machining to 127℃ for cryogenic machining. However, when the higher feed 
rates (0.1 and 0.15 mm/rev) were used, the reduction of cutting temperature from dry to 
cryogenic machining decreased as the similar trend of cutting temperatures observed at 
higher cutting speeds (60 m/min and 90 m/min). 
Figure 4-23: Maximum temperature achieved in dry and cryogenic machining in the 
work material-tool contact area (V = 30, 60, and 90 m/min).  
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Figure 4-24: Maximum temperature achieved in dry and cryogenic machining in the 
work material-tool contact area at cutting speed of 30 m/min (f = 0.05, 0.1, and 0.15 
mm/rev). 
4.3.6.2 Cutting Temperature in Machining of Ti-5553 Alloy 
Figure 4-25 (a) shows an infrared temperature distribution on the surface of the 
workpiece-tool contact area during cryogenic machining of Ti-5553 alloy. The highest 
temperature was observed within the square box at different cutting speeds and different 
cooling/lubricating conditions are shown in Figure 4-25 (b).  
The observed highest temperature was 159 ℃ at cutting speed of 20 m/min under 
cryogenic machining, which decreased by 51.7% and 54.7%, respectively, compared with 
flood-cooled and MQL machining. It may be due to more effective cooling during 
cryogenic machining through liquid nitrogen application. Moreover, at the cutting speed of 
50 m/min, the cutting temperature dropped about 44.9% and 47.7%, respectively, from 
flood-cooled and MQL machining to cryogenic machining. When the cutting speed 
increased to 80 m/min, the temperature was 39.2% during MQL machining (845 ℃) and 
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31.1% higher in flood-cooled machining, compared to cryogenic machining (514  ℃ ). 
These findings agreed well with the findings from Islam et al. (2018), who observed similar 
tends in cutting temperatures when different cooling/lubricating methods were used in 
machining of AISI 1045 and AISI 316L steels.  
Figure 4-25: (a) An sample image of temperature distribution obtained by infrared 
camera; (b) maximum temperature achieved in MQL, flood-cooled and cryogenic 
machining of Ti-5553 alloy at the work material-tool contact area. 
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4.4 Concluding Remarks 
In this chapter, the effect of machining processes on the surface integrity 
characteristics of Ti-6Al-7Nb and Ti-5553 alloys, such as surface roughness, microhardness, 
grain refinement and residual stresses, has been investigated. During the investigation, 
different cooling/lubricating conditions were taken into account as input parameters, and, 
the effect of cutting speeds and feed rate on surface integrity was analyzed. Cutting 
temperatures were also measured during machining. XRD measurements were performed 
to better understand the microstructural changes on the surface and within the sub-surface 
of the machined samples. The major findings in this chapter can be summarized as below: 
 Application of liquid nitrogen during machining of Ti-6Al-7Nb alloy resulted in
a 47% decrease in surface roughness 𝑅  , compared with dry machining.
However, the surface roughness value of Ti-5553 alloy obtained from cryogenic
machining is larger, comparison to the values for MQL and flood-cooled
machining.
 The microhardness increased from 28 HRC to 33-35 HRC, at about 20 μm
below the machined surface of Ti-6Al-7Nb alloy in cryogenic machining, and
the influenced layer depth is approximately 500 μm. Similar trends were found
in cryogenic machining of Ti-5553 alloy. A thinner layer was found on the
machined surface of Ti-5553 alloy, and within this layer the highest hardness
value of 50 HRC was found under cryogenic machining.
 SPD layers were generated on the machined surfaces of all analyzed Ti-6Al-
7Nb and Ti-5553 alloys, although cryogenic machining exhibited a significantly
smoother machined surface and thicker SPD layer depth.
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 Nanostructured grains were observed using FIB microscopy on the surface of
all machined samples, and the average grain size of Ti-6Al-7Nb alloy was about
30-70 nm, and 160-400 nm for Ti-5553 alloy when cryogenic cooling was used.
 Both cryogenic and dry machining demonstrated a tendency to induce
compressive residual stresses in the workpiece material. With increasing cutting
speed, compressive residual stresses induced under cryogenic machining were
significantly larger compared with dry machining in both tangential and axial
directions, and tensile residual stresses were found on both the machined
surface and sub-surface after dry machining.
 More tensile stresses were obtained in the sub-surface of the dry machined Ti-
6Al-7Nb alloy at low cutting speed. While at higher cutting speeds, larger tensile
stress was present on the machined surface.
 XRD analysis was used to understand the microstructure orientation on the
machined surface and sub-surface of Ti-6Al-7Nb alloy, and the results from the 
XRD measurements and calculations were consistent with the microstructures 
from the FIB analysis. 
In summary, more preferable surface integrity, such as higher surface hardness and 
nanostructured grains were induced on the surface of cryogenically-machined specimens 
of Ti-6Al-7Nb and Ti-5553 alloys, when compared with other cooling/lubricating 
conditions (dry, flood-cooled and MQL).  
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CHAPTER 5.  
EXPERIMENTAL STUDY ON CORROSION PERFORMANCE OF 
MACHINED Ti-6Al-7Nb ALLOY 
5.1 Introduction 
Titanium alloys have become one of the most widely used biomaterials for implants 
over the years, even though new materials are constantly emerging for use in industry. The 
specific requirements for the metallic materials to be placed in the human are associated 
with the need for specific properties, such as high strength, excellent biocompatibility, as 
well as good corrosion and fatigue resistance (Bidhendi and Pouranvari, 2011). Biomedical 
components are usually surrounded by human tissues under various loading and 
temperatures. The contact loads can cause damage to the thin native oxide film, which is 
hazardous to the titanium surface. Additionally, metal implants can have intense 
interactions with any counterface materials and the surrounding environment. In recent 
years, many researchers have attempted to improve the surface characteristics of titanium 
alloys to control or prevent the unwanted effects and extend the service time of the implants 
(Sáenz de Viteri and Fuentes, 2013).  
To ensure reliable performance and service life of titanium alloys as biomedical 
materials, biomedical products are required to be manufactured not only with dimensional 
and geometric accuracy, but also have a high surface finish. The latter is extremely 
important, as it can enhance wear and corrosion resistance and fatigue life. Also, it has been 
commonly reported that the corrosion performance of metallic materials also strongly 
depends on the microstructure and residual stress state. All of which can be modified by 
machining processes (Zhen et al., 2013; Pu, 2012), as shown in Chapters 3 and 4 previously.   
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To evaluate the corrosion resistance of machined Ti-6AL-7Nb alloy, corrosion tests 
were conducted using a 0.9% NaCl solution by using a potentiostat, which can measure 
corrosion over a wide range of applied current. A cyclic polarization methodology was 
utilized to characterize the corrosion behavior of Ti-6Al-7Nb alloy in the test fluid. The 
method is conducted by using ASTM F2129 standards, which are used to assess the 
corrosion susceptibility of metallic implant medical devices (ASTM F2129).  This study 
demonstrates the approach by evaluating the corrosion behavior of Ti-6Al-7Nb alloy under 
different machining conditions. Through a comparative analysis of workpiece machined 
using dry and cryogenic conditions, any potential improvements in the corrosion behavior 
of Ti-6Al-7Nb alloy can be highlighted and attributed to the cooling conditions.  
5.2 Experimental Setup of Corrosion Tests 
To evaluate the corrosion performance of machined Ti-6Al-7Nb alloy, processed 
workpiece samples were cut and prepared into flat samples with the explore area of 1 𝑐𝑚 . 
The machining conditions for machined Ti-6Al-7Nb alloy specimens selected in corrosion 
tests are shown in Table 5-1. These conditions are selected for corrosion analysis based on 
the differences between surface integrity characteristics that were observed after the 
machining process. 
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Table 5-1: Machining conditions for samples selected to corrosion tests. 
No. Cooling conditions
Cutting Speed 
(m/min) 
Feed Rate 
(mm/rev) 
1 Dry 30 0.05 
2 Cryogenic 30 0.05 
3 Dry 60 0.05 
4 Cryogenic 60 0.05 
5 Dry 90 0.05 
6 Cryogenic 90 0.05 
Corrosion tests were conducted in a 0.9% NaCl solution by using potentiostat 
PARSTAT 2273, as shown in Figure 5-1 (a). A Potentiostat automatically maintains an 
electrode in an electrolyte at a constant potential or controlled potentials with respect to a 
suitable reference electrode (ASTM F2129). Figure 5-1 (b) shows the flat cell kit K0235, 
and the flat cell kit used in this study provides the flexibility to use a wide variety of shapes 
and sizes of working electrodes. As shown in the figure, the working electrode is used to 
measure the carrion potential, and the reference electrode is used to measure the difference 
in potential between the working electrode and the surrounding environment. A counter 
electrode is also needed to transfer current to or from the working electrode.   
Cyclic potentiodynamic polarization method was used to measure the corrosion 
current by controlling the potential of the test specimen. In this study, the cyclic 
polarization scanned  20mV with respace to the corrosion potential Ecorr, with a step 
height of 1mV, and a scan rate of 0.166 mV/s.  
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Figure 5-1: Equipment for corrosion tests: (a) PARSTAT 2273; and (b) electrode setup 
for polarization test. 
5.3 Experimental Results and Discussion 
5.3.1 Corrosion Behavior of Ti-6Al-7Nb Alloy in 0.9% NaCl Solution 
Generally, when a metal is put in the solution, it can react with the surrounding 
solution in three different ways: immune to corrosion, active to corrosion and passive. If a 
metal is immune in the solution, it would never corrode. However, if the metal is active to 
corrosion, the metal would deteriorate in the solution. For a metal to be passive, it would 
be thermodynamically susceptible to corrosion, which means it would corrode for a while, 
Counter 
Electrod
Reference 
Electrode 
Working 
Electrode 
(a) 
(b) 
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and then become stable in the solution with a film consistent with corrosion product coated 
on the surface of the metal. However, once the film is damaged, the corrosion of metal 
would start again (Wranglen, 1985).  
Figure 5-2 shows the photographs of the machined Ti-6Al-7Nb alloy samples after 
corrosion tests in 0.9% NaCl solution. Different corroded surfaces were observed from the 
samples of dry and cryogenic conditions, using a cutting speed of 30 m/min. Smaller 
corroded pits are observed from cryogenic machining, compared with those from dry 
machining. The maximum depths of the corrosion pits for cryogenic machining and dry 
machining are 2.24 µm and 2.97 µm, respectively. Cryogenic machining results in 32.6% 
decreasing in the maximum corroded pit depth, compared with dry machining. It is obvious 
that at the same cutting speed, the application of liquid nitrogen during machining 
significantly improved the corrosion performance of Ti-6Al-7Nb alloy.  
Figure 5-2: Pictures of the corroded area on the surface of machined Ti-6Al-7Nb alloy 
after corrosion tests: (a) cryogenic machining; and (b) dry machining (V = 30 m/min, f = 
0.05 mm/rev). 
When the cutting speed was increased to 60 m/min, as shown in Figure 5-3 (a) and 
(a)  (b) 
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(b), the surface photos from cryogenic and dry conditions indicated that the significant 
differences in the nature of the corroded surfaces observed. The results from measurements 
show that the maximum depth of corrosion pits from dry machining is (6.18 µm) more than 
twice than that measured from cryogenically-machined sample (2.97 µm).   
Figure 5-3: Pictures of the corroded area on the surface of machined Ti-6Al-7Nb alloy 
after corrosion tests: (a) cryogenic machining; and (b) dry machining (V = 60 m/min, f = 
0.05 mm/rev). 
Figure 5-4 (a) and (b) illustrates the severely corroded areas on the machined 
surfaces of Ti-6Al-7Nb alloy from dry and cryogenic conditions at a cutting speed of 90 
m/min. From these figures, it is apparent that a significantly more corroded surface is 
generated from dry machining, compared with cryogenic machining. The maximum height 
of corroded pits is 6.23 µm under dry machining and 2.15 µm under cryogenic machining, 
respectively. The ability of liquid nitrogen to foster, more favorable surface characteristics, 
such as surface finish, and compressive residual stresses play a fundamental role in its 
corrosion resistance potential. 
The influence of cutting speed on the corrosion resistance of Ti-6Al-7Nb alloy was 
(a)  (b) 
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significant under dry machining, as a more severely corroded surface was found with 
increased cutting speed during machining (i.e., the maximum corrosion depth increased 
from 2.97 µm at 30 m/min to 6.23 µm at 90 m/min) - see Figure 5-5. However, the corrosion 
performance of cryogenically-machined Ti-6Al-7Nb alloy did not change, with increased 
cutting speed. Similar corrosion behaviors of cryogenically-machined samples, at different 
cutting speeds, could be due to the similar microstructure and residual stress on the surface 
and sub-surface of the machined samples, as shown in Figures 4-20 and 4-22, respectively. 
It has been reported that residual stresses play an important role in the corrosion behavior 
of titanium alloys and steel (Sun et al., 2017; Zhao et al., 2013).    
Figure 5-4: Pictures of the corroded area on the surface of machined Ti-6Al-7Nb alloy 
after corrosion tests:(a) cryogenic machining; and (b) dry machining (V = 90 m/min, f = 
0.05 mm/rev). 
(a)  (b) 
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Figure 5-5: The highest corrosion piton on the corroded area of machined Ti-6Al-7Nb 
alloy surface after corrosion tests (f = 0.05 mm/rev). 
5.3.2 Polarization Curve Analysis 
An example of an idealized potentiodynamic scan for a passive metal material is 
shown in Figure 5-6. As shown in the figure, such a scan can be separated into 5 phases:   
 Region 1: below equilibrium potential 𝐸 /  , no corrosion is occurring.
 Region 2: the corrosion current density increases with an increase in potential.
At the primary passive potential (𝐸 ), there is a decrease in current density as
potential increases.
 Region 3: the beginning of the passive region and a critical state in the
formation of the oxide film.
 Region 4: the passive region continues until the oxide is fully formed the current
density stabilizes and there is little to no increase in current density as potential
increases. The metal will remain passive until a high enough potential causes it
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to go trans-passive. 
 Region 5: a sharp increase in the current density as the potential increase in the
trans-passive region.
As reported by Fuente (2014), most commercially corrosion resistant metals rely 
on passivity to resistance, and once the passive film on the metal surface breaks down, the 
metal becomes sensitive to corrosion. All metallic biomaterials used as implants, such as 
titanium alloys, stainless steels, and Co-Cr alloys, exhibit passive behavior.  
Figure 5-6: General potentiodynamic scan for passive metal. 
The potentiodynamic polarization curve for machined Ti-6Al-7Nb alloy in a 0.9% 
NaCl solution is shown in Figure 5-7 (a) and (b) through Figure 5-9 (a) and (b) for cutting 
speeds of 30 m/min, 60 m/min and 90 m/min. A comparison of the results between 
cryogenic and dry machining is shown in Tables 5-2 and 5-3. One particular note is that 
the corrosion potential 𝐸   is -254 mV and corrosion current 𝐼   is 3.12 
μA/𝑐𝑚   under cryogenic machining. From Figure 5-7, we can observe the corrosion 
124 
behavior of Ti-6Al-7Nb alloy, where the passivation range starts at the corrosion potential 
( 𝐸 ) until it goes trans-passive at the breakdown potential (𝐸 ), which results 
in a passivation range of 𝐸   ( 𝐸  - 𝐸  ). However, the corrosion 
potential 𝐸   of -301 mV and corrosion current 𝐼   is 3.71 μA/𝑐𝑚  , are 
obtained from the dry machining sample. Also, the results show that a smaller passivation 
range was obtained from the dry machining sample (1601 mV), compared with the 
cryogenic machining sample (1704 mV), as shown in Tables 5-2 and 5-3. 
Figure 5-7: Cyclic polarization curve of machined Ti-6Al-7Nb alloy after corrosion tests: 
(a) cryogenic machining; and (b) dry machining (V = 30 m/min, f = 0.05 mm/rev). 
Dry machining: 
V = 30 m/min, f = 0.05 mm/rev 
Cryogenic machining: 
V = 30 m/min, f = 0.05 mm/rev 
(a) 
(b) 
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Table 5-2: Data obtained from cyclic polarization curve of Ti-6Al-7Nb alloy  
(cryogenic, V = 30 m/min, f = 0.05 mm/rev). 
Ti-6Al-7Nb alloy 
𝐄𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(mV) 
𝐈𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(μA/𝐜𝐦𝟐)
𝐄𝐛𝐫𝐞𝐚𝐤 
(mV) 
𝐈𝐛𝐫𝐞𝐚𝐤 
(μA/𝐜𝐦𝟐)
Passivation Range 
(mV) 
0.9% NaCl solution -254 3.12 1450 9.82 1704 
Table 5-3: Data obtained from cyclic polarization curve of Ti-6Al-7Nb alloy  
(dry, V = 30 m/min, f = 0.05 mm/rev). 
Ti-6Al-7Nb alloy 
𝐄𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(mV) 
𝐈𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(μA/𝐜𝐦𝟐)
𝐄𝐛𝐫𝐞𝐚𝐤 
(mV) 
𝐈𝐛𝐫𝐞𝐚𝐤 
(μA/𝐜𝐦𝟐)  
Passivation Range 
(mV) 
0.9% NaCl solution -301   3.71 1300  4.36  1601 
Figure 5-8 (a) and (b) shows the cyclic polarization curve of machined Ti-6Al-7Nb 
alloy at a cutting speed of 60 m/min under dry and cryogenic conditions. A comparison of 
the results between the different cooling conditions is shown in Tables 5-4 and 5-5. For 
cryogenic machining, the corrosion potential 𝐸  is -278 mV and corrosion current 
𝐼  is 2.61 μA/𝑐𝑚 . From the Figure 5-8 (a), we can observe the corrosion behavior 
of Ti-6Al-7Nb alloy, the passivation range starts at the corrosion potential (-278 mV) until 
it goes trans-passive at breakdown potential (1360 mV) which results in a passivation range 
of 1683 mV. However, the corrosion potential 𝐸  is -340 mV and corrosion current 
𝐼  is 4.86 μA/𝑐𝑚  are obtained from the dry machining sample in the solution, as 
shown in Figure 5-8 (b). The results show that a larger passivation range was obtained from 
the dry machining sample (1830 mV) at a cutting speed of 60 m/min, compared with the 
cryogenic machining sample (1683 mV), as shown in Tables 5-4 and 5-5. 
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Figure 5-8: Cyclic polarization curve of machined Ti-6Al-7Nb alloy after corrosion tests: 
(a) cryogenic machining; and (b) dry machining (V = 60 m/min, f = 0.05 mm/rev). 
 
Table 5-4: Data obtained from cyclic polarization curve of Ti-6Al-7Nb alloy  
(cryogenic, V = 60 m/min, f = 0.05 mm/rev). 
Ti-6Al-7Nb alloy 𝐄𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧(mV) 
𝐈𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(μA/𝐜𝐦𝟐)
𝐄𝐛𝐫𝐞𝐚𝐤 
(mV) 
𝐈𝐛𝐫𝐞𝐚𝐤 
(μA/𝐜𝐦𝟐)  
Passivation Range 
(mV) 
0.9% NaCl solution -278 2.61  1360  3.15  1683 
 
Cryogenic machining: 
V = 60 m/min, f = 0.05 mm/rev 
Dry machining: 
V = 60 m/min, f = 0.05 mm/rev 
(b) 
(a) 
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Table 5-5: Data obtained from cyclic polarization curve of Ti-6Al-7Nb alloy 
 (dry, V = 60 m/min, f = 0.05 mm/rev). 
Ti-6Al-7Nb alloy 
𝐄𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧
(mV) 
𝐈𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(μA/𝐜𝐦𝟐)
𝐄𝐛𝐫𝐞𝐚𝐤 
(mV) 
𝐈𝐛𝐫𝐞𝐚𝐤 
(μA/𝐜𝐦𝟐) 
Passivation Range 
(mV) 
0.9% NaCl solution -340  4.86  1490 16.15  1830 
At a cutting speed of 90 m/min, the passivation range of cyclic polarization curve 
obtained for cryogenically machined Ti-6Al-7Nb alloy in 0.9% NaCl solution is more stable 
than the result of lower cutting speeds (30 m/min and 60 m/min), as shown in Figure 5-9 
(a). A comparison of the results between cryogenic and dry machining is shown in Tables 
5-6 and 5-7, where the corrosion potential 𝐸  is -318 mV and corrosion current 
𝐼  is 1.23 μA/𝑐𝑚  under cryogenic machining. From Figure 5-9, we can observe 
the corrosion behavior of Ti-6Al-7Nb alloy, in which the passivation range starts at the 
corrosion potential (-318 mV) until it goes trans-passive at breakdown potential (1450 mV), 
and resulting a passivation range of 𝐸   (1768 mV). However, the corrosion 
potential 𝐸   of -217 mV and corrosion current 𝐼   is 5.89 μA/ 𝑐𝑚   are 
obtained from the dry machining sample. The results show that the smaller passivation 
range was obtained from the dry machined sample (1617mV), compared with the 
cryogenically-machined sample (1768 mV), as shown in Tables 5-6 and 5-7. 
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Figure 5-9: Cyclic polarization curve of machined Ti-6Al-7Nb alloy after corrosion tests: 
(a) cryogenic machining; and (b) dry machining (V = 90 m/min, f = 0.05 mm/rev). 
 
Table 5-6: Data obtained from cyclic polarization curve of Ti-6Al-7Nb alloy  
(cryogenic, V = 90 m/min, f = 0.05 mm/rev). 
Ti-6Al-7Nb alloy 
𝐄𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(mV) 
𝐈𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(μA/𝐜𝐦𝟐)
𝐄𝐛𝐫𝐞𝐚𝐤 
(mV) 
𝐈𝐛𝐫𝐞𝐚𝐤 
(μA/𝐜𝐦𝟐)
Passivation Range 
(mV) 
0.9% NaCl solution -318 1.23 1450 5.24 1768 
 
Cryogenic machining: 
V = 90 m/min, f = 0.05 mm/rev 
Dry machining: 
V = 90 m/min, f = 0.05 mm/rev 
(b) 
(a) 
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Table 5-7: Data obtained from cyclic polarization curve of Ti-6Al-7Nb alloy 
 (dry, V = 90 m/min, f = 0.05 mm/rev). 
Ti-6Al-7Nb alloy 
𝐄𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(mV) 
𝐈𝐜𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 
(μA/𝐜𝐦𝟐)
𝐄𝐛𝐫𝐞𝐚𝐤 
(mV) 
𝐈𝐛𝐫𝐞𝐚𝐤 
(μA/𝐜𝐦𝟐)
Passivation Range 
(mV) 
0.9% NaCl solution -217 5.89 1400 57.2 1617 
The different passivation currents observed from dry and cryogenically machined 
Ti-6Al-7Nb alloy samples in 0.9% solution, are shown in Tables 5-2 through Table 5-7. For 
the dry machined samples, the corrosion current increased with increasing of cutting speeds 
from 30 m/min to 90 m/min. However, the corrosion current observed from cryogenically 
machined samples decreased with increasing cutting speeds. This is certainly, due to the 
specific surface characteristics generated the analyzed workpiece samples from dry and 
cryogenic machining.  
Even though metal is passive in the solution, the dissolution and mass loss still 
occurred during the corrosion process. To better understand the corrosion behavior of Ti-
6Al-7Nb alloy in the 0.9% NaCl solution, quantitative analysis of the results obtained from 
the potentiodynamic polarization curve is necessary. Based on the ASTM standard (ASTM 
G102-89) and data obtained in the corrosion tests, Faraday’s law can be used to calculate 
the corrosion rate of each machined sample: 
1. Corrosion current density, as shown in Eq. (5-1):
𝑖                                                            (5 - 1)
where, 𝑖  is corrosion current density, 𝜇𝐴/𝑐𝑚 ; 𝐼  is total anodic current, 𝜇𝐴; 
A is exposed specimen area, 𝑐𝑚 . 
2. Corrosion rate and mass lost rate, are as shown in Eq. (5-2) and Eq. (5-3):
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𝐶𝑅  𝐾  𝐸𝑊 (5 - 2)
𝑀𝑅  𝐾 𝑖 𝐸𝑊                                                  (5 - 3)
where, CR is given in mm/yr, 𝑖  in ;  𝐾 = 3.27 10  mm g/μA cm yr; 𝐾 = 
8.954 10  mm g/μA cm yr d; 𝜌  4.51 g/𝑐𝑚 ; and 𝐸𝑊= equivalent weight. 
The resulting calculated corrosion rate and mass loss for cryogenic and dry 
machined Ti-6Al-7Nb alloy samples are shown in Figures 5-10 and 5-11. Lower corrosion 
rates and weight loss were found under cryogenic conditions, compared with dry 
machining at the same machining parameters. As observed from Figures 5-10 and 5-11, 
corrosion rates and weight loss decreased with increased cutting speed. Conversely, for dry 
machined samples these parameters increased with the increased cutting speeds. The effect 
of cutting speeds and cooling conditions on the corrosion behavior of Ti-6Al-7Nb alloy are 
consistent with the surface integrity characteristics observed in Chapter 4.  
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Figure 5-10: Results of corrosion rate calculated from cyclic polarization curve of Ti-
6Al-7Nb alloy. 
Figure 5-11: Results of mass lost calculated from cyclic polarization curve of Ti-6Al-7Nb 
alloy. 
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As reported previously, surface integrity characteristics such as nano/ultrafine grain 
refinement and residual stresses induced in the machined surface by machining processes 
play an important role in the corrosion resistance of employed biomaterials (Takakuwa and 
Soyama, 2015). The relationship between the average grain size and the observed corrosion 
behavior of a given material has been proposed by Gollapudi (2012), as shown in Eq. (5-
4): 
𝑖 𝐴 𝐵 ?̅? / exp 𝑆 )                                   (5 - 4) 
where, A and B are constant which depend on the materials and the nature of the 
media; B is a positive value when in non-passivating surrounding, and negative in passive 
solution;  ?̅? is average grain size; and 𝑆  is grain size distribution.  
This expression implies that during a passive environment, as the grain size 
decreases, the corrosion rate of metal could decrease. Therefore, better corrosion 
performance could potentially be achieved by machining-induced grain refinement on the 
surface of a material.  
5.4 Concluding Remarks 
An experimental investigation has been performed to analyze the influence of 
machining parameters and cooling conditions on the corrosion behaviors of machined Ti-
6Al-7Nb alloy samples. Potentiodynamic polarization methods were used in the corrosion 
tests, which allowed for a comparison of dry and cryogenically-machined specimens. The 
following conclusions can be made from the analysis presented in this chapter:  
 The potentiostat was found to be reliable in its ability to measure the corrosion
susceptibility of biomedical titanium alloys in a 0.9 % NaCl (Sodium Chloride)
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solution.  
 Figure 5-6 through Figure 5-8 show the cyclic polarization curves for Ti-6Al-
7Nb alloy in a 0.9% NaCl solution. The curves are expressed by the potential
vs log current plot, and they demonstrated that all machined Ti-6Al-7Nb alloy
samples have similar corrosion behavior, despite of different cooling conditions,
it exhibited a passive behavior in 0.9% NaCl solution.
 Different passivation currents are observed from dry and cryogenic machined
Ti-6Al-7Nb alloy samples in the 0.9% NaCl solution. For dry machined samples,
the corrosion current increased with increasing cutting speeds (30 m/min to 90
m/min). However, the corrosion current observed from cryogenically machined
samples decreased with the increasing cutting speed.
 The thin grain refinement layers, which exhibit compressive residual stresses
induced by the cryogenic machining process lead to the enhanced corrosion
resistance of Ti-6Al-7Nb alloy, compared with dry conditions.
As reported from the work of other researchers and observed in this study, 
compressive residual stresses help to decrease the corrosion current density during 
corrosion tests, and therefore, increase the corrosion resistance of machined Ti-6Al-7Nb 
alloy. However, further investigation is needed to understand the influence of residual 
stress on the corrosion resistance of titanium alloys. 
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CHAPTER 6. 
FINITE ELEMENT MODELING OF SURFACE LAYER MODIFICATION 
INDUCED BY CRYOGENIC MACHINING OF Ti-6Al-7Nb AND Ti-5553 
ALLOYS
6.1 Introduction 
As discussed in the literature review and the previous chapters of this dissertation, 
surface integrity induced by machining processes, such as microhardness, microstructures 
and residual stress significantly affect the functional performance of titanium alloy-based 
components.  The new discussed in details in Chapters 3 and 4 describe the influence of 
machining conditions (e.g., cooling conditions, tool geometry, etc.) and cutting parameters 
(cutting speed, depth of cut and feed rate) on surface integrity enhancement. However, the 
complex relationships among those factors make it difficult to understand their combined 
influence on the surface layer modification in machined components.  
Experimental studies on surface integrity induced by machining to establish the 
influence of processing parameters on hardness, microstructure and residual stresses are 
expensive and time consuming. Therefore, efficient analytical and numerical models that 
can accurately predict these surface integrity characteristics are invaluable to both industry 
and academia. Such modeling efforts can significantly minimize the influence of 
machining parameters on the induced surface integrity and functional performance 
measures such as corrosion and wear resistance.  
To accurately predict surface integrity characteristics, such as grain size, hardness, 
residual stress, etc., finite element modeling (FEM) using commercially available 
DEFORM software has been used in this study to better understand the cutting mechanisms 
during machining of titanium alloys. This chapter presents details of the FEM-based 
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modeling developed and modified for machining of Ti-6Al-7Nb and Ti-5553 alloys are 
presented, including comparisons of the results from Chapters 3 and 4. A modified 
Johnson-Cook constitutive material model was used to describe the flow stress of Ti-6Al-
7Nb and Ti-5553 alloys in the machining models. Cutting forces, temperature and the depth 
of the SPD layer are predicted and compared with the measurements from the experimental 
work. Good agreements between the results of predicted and experimental work were 
achieved.   
6.2 Modeling Setup 
6.2.1 Numerical Setup and Boundary Conditions of Work Material and Cutting 
Tool 
The commercial FEM software DEFORM-2D using a LAGRAGIAN-based 
formulation with implicit coding was used to simulate the dry and cryogenic machining 
processes of Ti-6Al-7Nb and Ti-5553 alloys. User developed sub-routines were constructed 
using FORTRAN to enable additional model predictions, such as grain size and 
microhardness.  In the setup of the model, the work materials of Ti-6Al-7Nb and Ti-5553 
alloys are initially meshed with approximately 8000 isoparametric quadrilateral elements, 
and assumed to be visco-plastic, while the cutting tool insert is meshed with about 3000 
elements and assumed to be rigid and heat-conducting.  
The details of the model setup are illustrated in Figure 6-1. As shown in the figure, 
the cutting speed is applied horizontally at the bottom of the work material and in the 
vertical direction the bottom is fixed. There is no specific velocity boundary condition used 
on either the left or right sides of the work material. For the purpose of analyzing the 
thermal aspects, the top and right sides of the tool insert, as well as the bottom and left 
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sides of the work materials, are set to be room temperature, 𝑇 , which was 20℃. The 
heat exchange coefficient with the environment is set as 20 W/(m2K) which is the default 
value to simulate the free air convection. It is applied at the top and right sides of the work 
material, as well as at the bottom and left sides of the tool insert. To simulate the effect of 
cryogenic cooling, a heat exchange window is placed in the clearance side of the tool insert, 
and the local temperature is set to be -196 ºC and the convection coefficient of the local 
heat exchange is 10,000 kW/(m2K) (Yang, 2012). The inter-object boundary conditions 
between the work material and the tool were set to be shear friction type and heat-
conducting. A shear friction model is used in the numerical model, and is fixed at 0.4 for 
machining of Ti-6Al-7Nb alloy and 0.45 for machining Ti-5553 alloy after certain 
calibrations.  
 
Figure 6-1: Boundary and velocity conditions of the FEM numerical model of cryogenic 
machining. 
 
6.2.2 Properties of Work Material and Cutting Tool 
The thermal and mechanical properties of Ti-6Al-7Nb and Ti-5553 alloys used in 
the FE model are listed in Table 6-1 (AZO materials; Veeck et al., 2004). Based on the 
results from AZO materials, the Young’s modulus is between 100 to 110 GPa, while, 
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Poisson’s ratio of Ti-6Al-7Nb alloy was found to be in the range of 0.35 - 0.37.  
Table 6-1: Properties of work materials (AZO material; Veek et al., 2004). 
 Working materials 
Material properties Ti-5553  Ti-6Al-7Nb  
Young’s Modulus (Gpa) 110 100-110 
Density (g/𝑐𝑚 ) 4.58 4.51 
Poisson’s ratio 0.31 0.35-0.37 
Specific heat capacity 
(J/(kgK)) N/A 540-560 
Melting temperature (℃) 1630 1526-1586 
Thermal Conductivity 
(W/(mK)) N/A 7.8 
 
Wagner at al., (2010) reported the thermal conductivity and heat capacity of Ti-
5553 alloy varied when the temperature increased during processing, and they illuminated 
that Ti-5553 alloy has a higher thermal conductivity, compared with the values from Ti-
6Al-4V alloy under the same temperature. The poor thermal conductivity of Ti-5553 alloy 
prevents the evacuation of heat in the cutting chip. In the study of Ezugwu and Wang (1997), 
it was demonstrated that the thermal distribution at the tool-workpiece interface and the 
difference between the thermal conductivity of tool and workpiece, lead to the quick 
thermal softening of the cutting tool during machining of titanium alloys.  
Table 6-2 shows the default thermal and material properties of the simulated AlTiN 
coated carbide tool for machining of Ti-6Al-7Nb alloy and TiCN/ 𝐴𝑙 𝑂 / TiN coated carbide 
tool for machining of Ti-5553 alloy. As reported by Fahad et al., (2011), the specific heat 
capacity and the thermal conductivity of the cutting tool coating materials varied when the 
processing temperature was increased. The detailed results responding to different 
temperatures are shown in Table 6-2. 
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Table 6-2: Properties of tool materials (Fahad et al., 2001). 
Material properties 
Tool materials 
TPG 423 CNMG 423 
(AlTiN coated) TiCN      TiN 𝑨𝒍𝟐𝑶𝟑 
Young’s Modulus (GPa) 485 355 250 340 
Density (g/𝑐𝑚 ) N/A 4.18 5.42 3.78 
Poisson’s ratio 0.25 0.2 0.25 0.23 
Friction coefficient against steel 
(dry) 
0.4 0.4 0.4 0.4 
Specific heat 
capacity (J/(kg℃)) 
at temperature (℃  
Temperature 
(℃) 
100 N/A 1030 702.3 903 
200 N/A 1020 752.7 1022 
300 N/A 1040 783.4 1089 
400 N/A 1070 801.16 1139 
500 N/A 1120 818.9 1176 
600 N/A 1260 833.46 1202 
700 N/A 1350 846.39 1220 
800 N/A 1660 856 1237 
900 N/A 1810 857.6 1252 
Thermal 
conductivity 
(W/m℃) at 
temperature (℃  
100 N/A 29 21 17 
200 N/A 29.9 21.47 14.1 
300 N/A 30.6 22 12.5 
400 N/A 31.5 22.52 10.8 
500 N/A 32 23 8.75 
600 N/A 33 23.72 7.5 
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6.2.3 Material Flow Stress Model 
In the FEM simulation, the material flow stress is used to describe the constitutive 
behavior of the work material under high strain/strain-rate deformation conditions. 
Therefore, it is necessary to accurately model this parameter to obtain a better outcome 
from this simulation.    
Behavior laws are used to determine the stress as the function of strain, strain rate 
and temperature. Johnson-Cook material model (Johnson and Cook, 1983) is the most 
commonly used law for the simulation of machining operation, as the temperature and 
strain rate effects are taken into account. It was developed as a material behavior model to 
describe the effects of work hardening, stains, strain rate and temperature for dynamic 
loading. Among the multiplicative formulation, the flow stress model is modified and used 
by the following Eq. (6-1): 
 
 
        where 𝜎 represents the equivalent flow stress while 𝜀 and 𝜀 are the equivalent 
strain and effective strain-rate, respectively; The constants A and B represent the initial 
yield strength and hardness modulus of the material; C is the strain-rate sensitivity 
coefficient; n and m represent the hardening coefficient and the thermal softening exponent; 
t, tm and tr are the temperatures of the workpiece, material’s melting temperature and the 
reference room temperature.  
6.2.3.1 Identification of Material Flow Stress Model for Ti-6Al-7Nb Alloy 
As an alternative material for Ti-6Al-4V alloy, Ti-6Al-7Nb alloy has been drawing 
more attention from researchers. However, there are only a few studies of Ti-6Al-7Nb alloy 
𝜎 𝐴 𝐵 𝜀 1 C ln𝜀 1 ]                                   (6 - 1)  
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focused on understanding its mechanical and thermal behaviors during machining.  Lee   
and Chen (2013) conducted mechanical tests on Ti-6Al-7Nb alloy at temperatures of 25 ℃, 
300 ℃  and 700 ℃, and the strain-rate varied from 3000 𝑆  to 5000 𝑆 . The variation of 
stress-strain curves obtained by them at different temperatures (300 ℃  and 700 ℃ ) is 
shown in Figure 6-2.   
Figure 6-2: Variation of true stress-strain curves of Ti-6Al-7Nb alloy at different 
temperatures. Adapted from (Lee and Chen 2013a; 2013b) with permission. 
Through a series of tests, Lee and Chen (2013a; 2013b) were able to determine the 
values of A, B and n in Johnson-Cook law. And in the numerical modeling of Punched Ti-
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6Al-7Nb alloy in Aynat et al. (2014), good agreement between the results from numerical 
modeling and experimental work was achieved using the Johnson-Cook law. Therefore, 
the Johnson-Cook model was used to estimate the flow stress behavior of Ti-6Al-7Nb alloy 
in this investigation, and the values of each parameter were determined by combining the 
relevant results found in the literature, and these values are shown in Table 6-3. 
Table 6-3: Parameters of the Johnson-Cook model for Ti-6Al-7Nb alloy  
(Lee and Chen, 2013a; 2013b). 
Material A (MPa) B (MPa) n m C 
Ti-6Al-7Nb alloy 747 560 0.33 0.8 0.02 
 
6.2.3.2 Identification of Material Flow Stress Model for Ti-5553 Alloy 
In the research work of Özel et al. (2006) and Germain et al. (2013), a series of 
dynamic shear tests were used with an inverse method to identify the parameters of 
Johnson-Cook material behavior model of Ti-5553 alloy. The constitutive constants of 
Johnson-Cook model used in this study for Ti-5553 alloy are listed in Table 6-4. 
Table 6-4: Parameters of the Johnson-Cook model for Ti-5553 alloy  
(Germain et al., 2013). 
Material 
A 
(MPa) 
B 
(MPa)
n 
 
m C 
Ti-5553 
alloy 
T< 600℃ T> 600℃ 𝜀 10 𝑆  𝜀 10 𝑆
1175 728 0.26 0.72 0.19 0.02 0.09 
6.3 Calibration and Validation of Machining Model by Comparing the Predicted 
Cutting Forces and Temperatures with The Experimental Results 
In machining processes, the cutting temperature plays an important role, as the 
variation in temperature leads to changes of thermal/mechanical properties of the 
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workpiece material. From the literature review, the change of machining temperature 
depends on the cutting parameters, such as cutting speeds, feed rate and depth of cut, and 
cooling/lubricating conditions.  
To accurately predict numerical modeling outputs, the calibration of the numerical 
model with FEM method was carried out by comparing the predicted and experimental 
machining forces and cutting temperature. The mechanical and thermal properties of work 
materials and cutting tools, friction coefficients and the constants used in Johnson-Cook 
model of Ti-6Al-7Nb and Ti-5553 alloys in the 3D models, must all be calibrated and 
modified until there is good agreement between the predicted and experimental results of 
cutting forces and temperatures. The flow chart shown in Figure 6-3 illustrates the 
procedures used to calibrate these machining models.  
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Figure 6-3: Calibration Procedure for machining model. 
 
6.3.1 Calibration and Validation of Coefficients Used in Machining Ti-6Al-7Nb 
Alloy Model  
 
Figures 6-4 and 6-5 show examples of the calibration procedure on the parameters 
used in Johnson-Cook law, the thrust cutting forces and highest cutting temperature, at a 
cutting speed of 30 m/min and feed rate of 0.05 mm/rev under dry machining. These 
outputs were used to calibrate material constants C, m and friction coefficient μ.  Through 
calibration and validation between the simulated and experimental results, the material 
constants C and m were determined to be 0.02 and 0.8, and the shear friction coefficient of 
144 
 
0.4 were used in the flow stress and friction models, respectively. 
 
Figure 6-4: Calibration between predicted and experimental results to determine the 
material constants of C and m used in the modified Johnson-Cook material model (dry 
machining, V = 30 m/min and f = 0.05 mm/rev). 
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Figure 6-5: Calibration between predicted and experimental maximum temperature to 
determine the friction coefficient used in the shear friction model (dry machining, V = 30 
m/min and f = 0.05 mm/rev). 
 
After calibration, the numerical models were used to predict the cutting forces at 
various cutting speeds. A detailed comparison between the simulation and experimental 
machining thrust forces at cutting speeds of 30, 60 and 90 m/min under dry and cryogenic 
conditions are shown in Figures 6-6 to 6-8. It is observed that the difference between the 
predicted and experimental thrust force, at speed of 30 m/min, is within the range of 5.5% 
to 13.1%, and thus good agreement was achieved in the prediction of dry machining forces. 
However, the difference between predicted and experimental thrust forces from cryogenic 
machining at a speed of 30 m/min was as large as 27%. Despite the large difference, the 
acceptable simulation results of thrust forces were confirmed from other machining 
conditions. Further modification will be performed to improve the accuracy of the 
numerical model by adjusting the setup of the simulated cryogenic window and the friction 
model in the future. 
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Figure 6-6: Comparison between predicted and experimental thrust forces under (a) dry 
machining; and (b) cryogenic machining at the cutting speed of 30 m/min (f = 0.05, 0.1, 
and 0.15 mm/rev). 
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Figure 6-7: Comparison between predicted and experimental thrust forces under (a) dry 
machining; and (b) cryogenic machining at the cutting speed of 60 m/min (f = 0.05, 0.1, 
and 0.15 mm/rev). 
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Figure 6-8: Comparison between predicted and experimental thrust forces under (a) dry 
machining; and (b) cryogenic machining at the cutting speed of 90 m/min (f = 0.05, 0.15, 
and 0.15 mm/rev). 
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highest cutting temperature was measured in the contact zone between the work material 
and cutting tools, and it was simulated by using the model which was built by Oxley (1989) 
and Boothroyd (1963). This model depicts the variation in temperature during machining 
processes, specifically in the shear plane and at the tool-chip interface, and are functions 
of the thermal conductivity, as shown in the following Eq. (6-2) and Eq. (6-3): 
                                           𝑇                                                          (6 - 2) 
                                  𝛽 0.5 0.35 log tan 𝜙                                               (6 - 3)          
where, 𝑇  is the average temperature in the shear plane; 𝜌 is the density; S is the 
heat capacity; 𝑡 is the undeformed chip thickness; K is the thermal conductivity; 𝜙 is shear 
angle; α is the rake angle; 𝜔 is the width of cut; 𝐹  is shear force and V is cutting speed.  
Experimental temperatures measurements from machining of Ti-6Al-7Nb alloy at 
different cutting parameters, under dry and cryogenic conditions were used to compare 
with the results obtained from the simulation to validate the accuracy of the numerical FEM 
model. Comparisons between the highest cutting temperatures from the predicted and 
experimental results are shown in Figures 6-9 and 6-10. The differences were found to be 
smaller than the ones of cutting forces. The simulation results exhibited a reasonable 
prediction in the range of 8% to 12% difference. Considering the good agreement between 
the results of the simulation and experiments, the calibrated machining model was used to 
predict the grain size and surface hardness induced by cryogenic machining.  
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Figure 6-9: Comparison between predicted and experimental maximum cutting 
temperature under (a) dry machining; and (b) cryogenic machining at the feed rate of 
0.05 mm/rev (V = 30, 60, and 90 m/min). 
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Figure 6-10: Comparison between predicted and experimental maximum cutting 
temperature under (a) dry machining; and (b) cryogenic machining at the cutting speed of 
30 m/min (f = 0.05, 0.1, and 0.15 mm/rev). 
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5553 alloy. As shown in Figure 6-11, the highest cutting temperature, obtained at cutting 
speed of 20 m/min and feed rate of 0.05 mm/rev under cryogenic machining, was used as 
an output to compare the results from the variation of friction coefficient μ in shear friction 
model.  Through the calibration and validation between the simulated and experimental 
results, a 5% difference of highest cutting temperature was achieved. Therefore, the shear 
friction coefficient was 0.45 was used in the flow stress and friction models. 
 
Figure 6-11: Calibration between predicted and experimental maximum temperature to 
determine the friction coefficient used in the shear friction model (cryogenic machining, 
V = 20 m/min, f = 0.05 mm/rev). 
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speed of 20 m/min varied from 6.4% to 20.4%. However, after the Johnson-Cook law was 
imported in the simulation process, the difference between predicted and experimental 
cutting forces was reduced to 3.6% to 6.5%.  
Figure 6-12 (b) shows the results of predicted and experimental thrust forces, where 
the difference between the predicted and experimental thrust forces from cryogenic 
machining at the cutting speed of 20 m/min and feed rate of 0.05 mm/rev was as large as 
13.4%. Despite the large difference for one of the simulated conditions, an acceptable thrust 
force accuracy was found in the other analyzed machining conditions.  
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Figure 6-12: Comparison between predicted and experimental (a) cutting force; and (b) 
thrust force under cryogenic machining at the cutting sped of 20 m/min (f = 0.05, 0.125, 
and 0.2 mm/rev). 
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from the simulation. The comparison between the highest cutting temperatures from 
predicted and experimental results is shown in Figure 6-13. The simulation results 
exhibited a reasonable level of accuracy (within 10%), as such, the machining-induced 
grain size and machining-influenced layer thickness were predicted using user developed 
sub-routines.  
 
 
Figure 6-13: Comparison between predicted and experimental maximum cutting 
temperature under cryogenic machining at the speed of 20 m/min (f = 0.05, 0.125, and 0.2 
mm/rev). 
6.4 Using Subroutine to Predict Grain Size and SPD Layer Induced by Cryogenic 
Machining 
Surface integrity of machined titanium alloys is one of the points of emphasis of 
this investigation. The influence of different machining parameters and cooling conditions 
on surface integrity characteristics, such as microstructure, grain refinement, 
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+5.3%
+7.9%
-10.5%
0
100
200
300
400
500
600
0.05 0.125 0.2
M
ax
im
u
m
 t
em
p
er
at
u
re
 (
°C
) 
Feed rate (mm/rev)
Experimental
predicted
156 
 
reported in literature (Ulutan and Özel, 2011; Devillez et al., 2011), surface integrity is 
highly impacted by the thermal and mechanical loads during machining, and therefore 
understanding the cutting temperature, strain and strain rate distributions in cutting zones 
plays an indispensable role for accurately predicting surface integrity characteristics in 
machined Ti-6Al-7Nb and Ti-5553 alloys.  
To accurately predict the grain size evolution and the machining-influenced layer 
thickness in machined Ti-6Al-7Nb and Ti-5553 alloys, it is important to understand the 
mechanism by which grain refinement occurs. Similar investigations had been carried out 
to describe the deformation behavior of titanium alloys (Ding et al., 2002; Li et al., 2016), 
in which various dynamic mechanisms, such as dynamic recovery (DRV) and dynamic 
recrystallization (DRX), may take place during the deformation process. A principal basis 
of these studies is that grain growth occurs when a critical strain value is exceeded. In this 
study, the deformation of Ti-6Al-7Nb and Ti-5553 alloys are further complicated because 
their microstructures are comprised of two phases (α+β) in the microstructural field. 
According to the research of Quan et al. (2017), the dominant mechanisms for titanium 
alloys in single phase β is the DRV kinetic model and the DRX kinetic model for the dual-
phase α + β region. Therefore, the DRX model was used in this FEM modeling procedure.  
In numerical studies of grain size determination, two microstructure models are 
commonly used: Johnson-Mehl-Avrami-Kolmogorov (JMAK), which has been used to 
predict the transformation kinetics (Özel and Arisoy, 2014), and Zener-Holloman 
parameter (Z), which is used to investigate the effects of temperature and strain-rate on the 
deformation behavior of the work material during SPD processing (Ammouri et al., 2015). 
In this study, Zener-Holloman models were used in the FEM models, Z is expressed in the 
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following Eq. (6-4): 
                                        𝑍  𝜀 exp ( )                                                         (6 - 4) 
where 𝜀 is strain rate (s  ), R is the gas constant (8.31 J•mol  •K  ), T is the 
absolute temperature (K), and Q is the material apparent activation energy for deformation 
(KJ•mol ). The value of Q for Ti-6Al-7Nb alloy is determined from the literature review, 
Pilehva et al., (2015) investigated the hot deformation and dynamic recrystallization of Ti-
6Al-7Nb alloy, and determined the material constant Q was in the range between 161-242 
KJ•mol . However, this approximation is only valid when the temperature is between 
1050-1150 °C in the single phase β region, which is not suitable for this study. Cui et al. 
(2009) also investigated the hot deformation behavior of Ti-6Al-7Nb alloy, and the results 
indicated that dynamic recrystallization (DRX) occurred during compressive deformation 
in the two phase α + β region. For this characterization, the apparent activation energies for 
temperature of  750 °C through 850 °C and at 900 °C are calculated to be 200 KJ•mol  
and 130 KJ•mol , respectively. Therefore, the value of 200 KJ•mol  was used in the 
simulation of Ti-6Al-7Nb alloy in this investigation.  
An activation energy of 380 KJ•mol  was determined by Momeni et al. (2019) 
during a study on hot deformation behavior of Ti-5553 alloy at temperature of 930-1080 °
C. However, in the research of Jones et al. (2008), an activation energy of 183 KJ•mol  
was determined for the hot deformation behavior of Ti-5553 alloys at a temperature of 785 °
C . Therefore, the value of 183 KJ•mol  was used as activation energy in this simulation.  
In the DEFORM simulation process, the grain size of the work material will be 
replaced by the newly generated grain size once the peak strain exceeded the critical strain 
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𝜀 . Pilehva et al. (2015) presented the relationship between the critical strain and the peak 
strain during deformation was determined to be as shown in Eq. (6-5): 
                                          𝜀 0.67 𝜀                                                            (6 - 5) 
The peak strain used in Eq. 6-5 was found to be dependent on the temperature, 
strain-rate and material constants which can be expressed as follows in Eq. (6-6) (Momeni 
et al., 2010): 
                                       𝜀 = 1.4E-2𝑍 .                                                        (6 - 6) 
After DRX the recrystallized grain size can be determined by using Eq. (6-7): 
                                     𝑑 𝑑 •𝛼•𝑍                                                       (6 - 7) 
where 𝑑   represents the recrystallized grain size,  𝑑  is the initial grain size, Z 
is the Zener-Hollomon parameter mentioned in Eq. 6-4. And, α and m are material constants 
which must be determined using a calibration procedure.  
Through the calibration, temperature and strain-rate should be used as the output 
parameters, as they are the main factors which impact the critical strain calculation. If the 
critical strain is larger than or equal to the effective strain extracted from the simulation, 
DRX is considered to occur. And, then the predicted grain size was calculated and 
compared with the grain size in the refined layer. If good agreement is achieved, the 
calibration ends. Otherwise, modification of the material constants is made continuously 
until the predicted grain size agrees with the experimental result. To accurately predict the 
SPD layer induced by machining, the material constants mentioned in Eq. (6-4) through 
(6-7) are expected to be calibrated before being used as inputs in the subroutine. The 
flowchart for the calibration of the subroutine is illustrated in Figure 6-14.  
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Figure 6-14: Flow chart for calibration of the user subroutine to predict the surface 
integrity characteristics. 
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6.4.1 Prediction of Grain Size and Influenced Layer Thickness of Machined Ti-
6Al-7Nb Alloy  
 
The predicted microstructural evolution in terms of grain size distribution and 
refined layer thickness for different machining conditions is shown in Figure 6-15. The 
experimental data from dry machining with a cutting speed of 30 m/min and 0.05 mm/rev 
feed rate, was used to calibrate the Zener-Hollomon constants. To compare the predicted 
results, the SEM micrographs from different machining experiments are also presented in 
Figure 6-15. It shows that for the results obtained from all machining conditions, a good 
agreement was achieved and that the application of liquid nitrogen resulted in thicker 
machining-induced layers. Moreover, the grain refinement on the surface and sub-surface 
was predicted by the numerical simulation for all conditions.  
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     Dry, V = 30 m/min, f = 0.05 mm/rev               Cryogenic, V = 30 m/min, f = 0.05 mm/rev 
 
   
        Dry, V = 60 m/min, f = 0.05 mm/rev                 Cryogenic, V = 60 m/min, f = 0.05 mm/rev 
 
    
        Dry, V = 90 m/min, f = 0.05 mm/rev                 Cryogenic, V = 90 m/min, f = 0.05 mm/rev       
Figure 6-15: Predicted grain size distributions after machining from different conditions. 
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The experimental and predicted results for grain size variation with depth below 
the machined surface under different machining conditions are shown in Figure 6-16. The 
predicted grain size on the machined surface of Ti-6Al-7Nb alloy under dry machining was 
approximately 50-60 nm, which is smaller than the experimentally observed microstructure 
(70-75 nm). However, the predicted grain size from cryogenic machining at different 
cutting speeds was approximately 40-50 nm, which was larger than that measured from the 
experimentally observed microstructure in the machined surface layer. During the actual 
machining process, the grain growth occurs after DRX, the size of grains is consequently 
suppressed by the cooling mechanism. Under cryogenic machining, the application of 
liquid nitrogen significantly removes more heat and lowers the cutting temperature in the 
cutting zone. Therefore, it more effectively suppresses the grain growth compared to dry 
machining at room temperature.  This claim was supported by the studies on the machining 
of Ti-6Al-4V alloys (Caudill, 2019).  Grain growth was observed on the machined surface 
and sub-surface of Ti-6Al-4V alloy, however, the grain growth is not considered in the 
simulation model, which is attributed to the smaller predicted grain sizes, compared to the 
measured value from experiments. Therefore, the more accurate prediction from simulation 
model was achieved for cryogenic machining compared with dry machining, due to 
effective cooling of liquid nitrogen on cutting zone which enhances the grain refinement 
on the machined surface/subsurface.  
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Figure 6-16: Variation of experimental and predicted grain size on the machined surface 
after machining process from (a) dry machining; and (b) cryogenic machining. 
 
Figure 6-17 shows the experimental and predicted thickness of the machining-
influenced layers on the surface of Ti-6Al-7Nb alloy. As expected, the predicted thickness 
of the machining-influenced layers was larger than the observed values, as shown in Figure 
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approximately 117 μm and 63 µm at cutting speed of 30 m/min, respectively. In comparison, 
the experimental results in machining-influenced layer thickness for cryogenic and dry 
machining at 30 m/min are approximately 100 μm and 45 µm, respectively, which are 
smaller than the predicted results. Similar results were also observed at higher cutting 
speeds. Additionally, as shown both experimentally and numerically, larger machining-
influenced layer thickness values are obtained, at higher cutting speeds for all cooling 
conditions. 
During machining processes, the recrystallized grains tends to grow after DRX 
occurred, which leads to the larger grain sizes and thinner machining-influenced layer. It 
was also reported in the study on machining of Co-Cr-Mo alloys (Yang, 2012), where grain 
growth and reduced refined layer thicknesses were observed on the surface region of Co-
Cr-Mo alloys after machining. More possible reasons for the large difference between the 
predicted and experimentally measured machining-influenced layer thickness may be the 
material constants used in numerical models, or that the relationship between the critical 
strain and the peak strain may be different from the actual machining conditions.  
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Figure 6-17: Simulation images of SPD layers induced by dry and cryogenic machining 
and the comparison with the corresponding microstructure images  
(V = 30, 60, and 90 m/min). 
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Figure 6-18: Comparison between the predicted refined layers induced by cryogenic and 
dry machining (V = 30, 60, and 90 m/min). 
 
6.4.2 Prediction of Machined Grain Size and SPD Layer Thickness of Ti-5553 
Alloy 
 
Figure 6-19 shows the grain size distribution and machining-influenced layer 
thickness under cryogenic machining of Ti-5553 alloy at cutting speeds of 20 m/min, 50 
m/min and 80 m/min. The experimental data from cryogenic machining at the cutting speed 
of 20 m/min was used to calibrate the Zener-Hollomon constants. To compare the predicted 
results, the microstructures from different machining experiments are also presented in 
Figure 6-19. The results obtained from all machining conditions show that the application 
of liquid nitrogen helps to increase the thickness of machining-induced layers.  And the 
grain refinement on the surface and sub-surface was successfully predicted by the 
simulation process for all conditions.  
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Cryogenic machining, V = 20 m/min, f = 0.05 mm/rev 
                                                          
Cryogenic machining, V = 50 m/min, f = 0.05 mm/rev 
                                           
                                 Cryogenic machining, V = 80 m/min, f = 0.05 mm/rev 
Figure 6-19: Predicted grain size distributions after cryogenic machining from different 
conditions. 
 
Surface 
Bulk 
Surface 
Bulk 
Surface 
Bulk 
169 
 
Figure 6-20 shows the experimental and predicted results for grain size variation in 
depth below the machined Ti-5553 alloy surface under different conditions. The predicted 
grain sizes on the machined surface of Ti-5553 alloy using cryogenic machining were 
approximately 429 nm at cutting speed of 20 m/min, 396 nm at a speed of 50 m/min, and 
385 nm at a speed of 80 m/min. All of which were larger than that observed experimentally 
(399 nm at 20 m/min, 350 nm at speed of 50 m/min and 370 m/min, respectively). These 
results were similar to the results found for machining Ti-6Al-7Nb alloy.  
 
Figure 6-20: Variation of experimental and predicted grain size on the machining surface 
after cryogenic machining. 
       
In Figure 6-21, microstructures of cryogenically machining Ti-5553 alloy are 
presented to compare with the simulation figures. Both the experimental and predicted 
layer thicknesses values show an increasing trend when the cutting speed increased from 
20 m/min to 80 m/min under cryogenic machining conditions. Cutting speed also played 
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an important role in the variation of machining-influenced layers on the surface of Ti-5553 
alloy under cryogenic machining conditions, as discussed in Chapters 3 and 4. By 
comparing the results from the experimentally measured and numerically predicted 
thickness of influenced layers, it can be reported that a 10% difference was achieved 
between predicted and experimental results of influenced layer thickness at speed of 80 
m/min. Less accurate predictions were found using lower cutting speeds, the reason likely 
being  that similar to the prediction of machining Ti-6Al-7Nb alloy, no grain growth after 
DRX considered in the simulation models and the lack of tests on the material properties 
were the reasons which affect the accuracy of the model to predict the machining-
influenced layer induced by cryogenic machining.  
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Figure 6-21: Comparison between the predicted and measured machining-influenced 
layers induced by cryogenic machining (V = 20, 50, and 80 m/min). 
 
100 µm 
SPD layer 
Cryogenic machining, 
V = 20 m/min 
100 μm 
SPD layer 
Cryogenic machining, 
V = 50 m/min 
SPD layer 
SPD layer 
SPD layer 
100 μm 
Cryogenic machining, 
V = 80 m/min 
SPD layer 
172 
 
 
Figure 6-22: Predicted and experimental machining-influenced layers induced by 
cryogenic machining (V = 20, 50, and 80 m/min). 
6.5 Concluding Remarks 
 
FEM-based models were built to simulate the surface integrity characteristics 
induced by machining of Ti-6Al-7Nb and Ti-5553 alloys at different cutting speeds. To 
describe the material behavior of these two titanium alloys, a modified Johnson-Cook 
constitutive model was developed to simulate the flow stress of the work materials. 
Additionally, a series of material constitutive equations are used in the numerical models 
to calculate the grain size refinement and the thickness of refined layers on the machined 
surface/sub-surface of the work materials. To calibrate models and ensure accuracy, the 
cutting forces and temperature data from the conducted experiments were used to compare 
with the predicted results, and thus allowed for the determination of important material 
79
88
119
61
74
108
0
40
80
120
160
200
20 50 80
M
ac
h
in
in
g-
in
fl
u
en
ce
d
 la
ye
r 
th
ic
k
n
es
s 
(μ
m
)
Cutting Speed (m/min)
Predicted, cryogenic
Experimental, cryogenic
173 
 
constants and friction coefficients used in the models. By adding the heat exchange 
windows in the boundary conditions, the simulation model was able to predict the cooling 
effects for cryogenic machining. Moreover, the user subroutines were developed to predict 
the grain size changes and the thickness of machining-influenced layers during the 
machining process before and after DRX occurs. The major findings in this chapter are 
listed below: 
 The difference between the predicted and experimental thrust force at different 
cutting speeds is within the range of 5.5% to 15.3%. Despite the large difference 
found in one trial, simulated thrust forces were acceptable for all other 
parameters used during machining of Ti-6Al-7Nb alloy. The difference between 
the predicted and experimental cutting force for cryogenic machining of Ti-
5553 alloy was within the range between 6.4% and 20.4%. However, a more 
accuracy of prediction was found after the Johnson-Cook law was implemented 
into the simulation process (the difference between predicted and experimental 
cutting forces was reduced to the range between 3.6% and 6.5%).  
 The simulated value for the maximum cutting temperature during machining 
Ti-6Al-7Nb alloy exhibited a reasonable accuracy in comparison that measured 
experimentally (8% - 12% difference). Additionally, the simulated value for the 
maximum cutting temperature in cryogenic machining Ti-5553 alloys are all 
within 10% difference. This was deemed an acceptable level of agreement and 
it was found for both titanium alloys.  
 For the prediction of grain size and machining-influenced layer, the results of 
the simulation show a reasonable level of accuracy based on the comparison of 
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the experimentally made measurements for Ti-6Al-7Nb and Ti-5553 alloys. 
However, future work needs to be performed to achieve a better accuracy of the 
numerical model.  
In summary, the presented numerical models can successfully predict the 
machining-induced surface integrity characteristics on the machined surface of Ti-6Al-7Nb 
and Ti-5553 alloys. To achieve better accuracy of models, more accurate of material 
properties and material constants need to be used.  
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CHAPTER 7.  
CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions from Current Research 
This study is concentrated on the experimental studies of the influence of different 
machining parameters (cutting speed, feed rate, and depth of cut) and cooling/lubricating 
conditions (dry, cryogenic, flood-cooled and MQL) on the surface integrity characteristics 
of two major titanium alloys (Ti-6Al-7Nb and Ti-5553 alloys, commonly used in biomedical 
and aerospace applications, respectively), such as surface roughness, surface hardness, 
microstructures and residual stresses, etc. Analysis of the experimental results reveal that 
significant improvements in surface integrity of machined Ti-6Al-7Nb and Ti-5553 alloys 
can be achieved through cryogenic machining technologies. This effect on surface integrity, 
in turn, also has been shown to have a measurable and pronounced effect on the corrosion 
behavior of Ti-6Al-7Nb alloy which is used for biomedical implants.   
To support the results of experimental work, numerical models developed using 
DEFORM software were used to investigate the influence of various machining conditions 
on the changes in microstructures and machining-influenced surface layer thickness 
developed in the surface and sub-surface of Ti-6Al-7Nb and Ti-5553 alloys. The major 
findings of this study can be summarized as follows: 
 In comparison with dry, flood-cooled, MQL machining, a significant reduction 
in cutting forces was observed when liquid nitrogen was sprayed from the rake 
face towards the cutting edge region of the tool during cryogenic machining of 
Ti-6Al-7Nb and Ti-5553 alloys.  
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 Lower cutting tool-wear was achieved during cryogenic machining of Ti-5553 
alloy, and less adhesion from the work material onto the tool insert’s rake face 
was observed when liquid nitrogen was applied in cryogenic machining, 
compared to other cooling/lubrication methods tested. 
 Cryogenic machining resulted in significant grain refinement beneath the 
machined surface of Ti-6Al-7Nb and Ti-5553 alloys. Similar refinement was 
also observed under dry and flood-cooled conditions, although to a lesser 
degree, compared with cryogenic machining. In the latter, uniquely, 
nanostructured grains were observed on the surface of all machined samples, 
with the average grain size of cryogenically machined Ti-6Al-7Nb alloy was 
approximately 30-70 nm, and 160-400 nm for cryogenically-machined Ti-5553 
alloy. 
 The microhardness was increased up to about 20 μm below the machined 
surface of Ti-6Al-7Nb alloy in cryogenic machining, and the influenced layer 
depth was approximately 500 μm. Similar trends were found in cryogenically-
machined Ti-5553 alloy. A relatively thinner layer was found on the machined 
surface of Ti-5553 alloy, while with the highest hardness of 50 HRC was found 
under cryogenic machining.     
 SPD layers were generated on the all machined surface of Ti-6Al-7Nb and Ti-
5553 alloys, although cryogenic machining exhibited a significantly smoother 
machined surface with a thicker SPD layer depth. 
 Both cryogenic and dry machining had a tendency to induce more favorable 
compressive stresses in the work material. With increasing cutting speed, 
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compressive residual stresses induced under cryogenic machining were 
significantly larger, compared with dry machining in both tangential and axial 
directions, and tensile residual stresses were found on both, the machined 
surface and the subsurface after dry machining.  
 Larger tensile stresses were developed in the subsurface of the dry machined 
samples at low cutting speeds, while at higher cutting speeds, larger tensile 
stresses were also present on the machined surface. 
 XRD analysis was used to characterize the microstructure on the machined 
surface and sub-surface of Ti-6Al-7Nb alloy, and the results from the XRD 
measurements and calculations were consistent with the microstructures, based 
on the FIB analysis. 
 Corrosion tests were conducted to understand the corrosion performance of Ti-
6Al-7Nb alloy after machining. Through studies using the cyclic polarization 
curves for Ti-6Al-7Nb alloy in 0.9% NaCl solution, it was found that all 
machined Ti-6Al-7Nb alloy samples had similar corrosion behavior, and they 
exhibited a range of passive behaviors in the 0.9% NaCl solution. 
 The thin refined layers, which comprise compressive residual stresses induced 
by cryogenic machining processes, were studied and found to have led to the 
enhanced corrosion resistance of Ti-6Al-7Nb alloy. Dry machined specimens 
exhibited comparatively less corrosion resistance. 
 Finite element studies on machining of Ti-6Al-7Nb and Ti-5553 alloys were 
conducted and the predicted findings were calibrated by using the experimental 
data. The flow behavior of Ti-6Al-7Nb and Ti-5553 alloys were studied in the 
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numerical models, and good agreement between the experimental and predicted 
machining forces, as well as the cutting temperatures, were achieved by the 
FEM-based numerical model.  
 Dedicated user sub-routines were developed to predict the grain size evolution 
and thickness of the machining-induced layer on the surface and sub-surface of 
Ti-6Al-7Nb and Ti-5553 alloys. In comparison with the experimentally observed 
measures, the user subroutines were able to accurately predict the results for 
various machining conditions.    
The major findings from this PhD research work provide a strong basis for 
developing engineered surface layers that can be achieved during machining of titanium 
alloys. These layers exhibit preferred nano/ultra-fine grained structures, increased hardness, 
and compressive residual stresses, etc., for improved functional performance, such as 
corrosion/fatigue resistance of machined components, and this can be achieved by selecting 
the proper processing parameters and cooling/lubricating conditions. The experimental and 
finite element modeling approaches employed in this study provided new knowledge for 
the selection of more favorable machining conditions to achieve enhanced performance of 
two major biomedical, aerospace materials.   
7.2 Future Work 
In summary, the major findings presented above provide academia and industry, 
scientific insight into the benefit of cryogenic machining for generating ultra-fine grains 
and more favorite surface integrity characteristic on machined metals. Cryogenic 
machining has been shown to improve the machining performance of Ti-6Al-7Nb and Ti-
5553 alloys, while also leading to more desirable surface integrity of the machined 
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component for the functional performance of components machined cryogenically. Despite 
significant new knowledge generated from current research, presented in the previous 
chapters, there is a need to do more work on cryogenic processing of materials and to 
continue the unfinished analysis of the existing experimental results in this dissertation. 
The detailed future work that can be done includes the following: 
 More advanced, detailed equipment can be used in online mode or utilizing in-
situ techniques to capture the machining temperature, strains and strain-rates 
generated by the different machining conditions to accurately and quickly 
evaluate the material’s response to machining, as the combination of these 
parameters can provide much needed new information to help understand the 
thermo-mechanical effects experienced by the cutting tool and work material 
during the machining process.  
 Tool geometry, which plays an important role in machining operations, must be 
taken into account when analyzing and/or considering the influence of relevant 
parameters on the surface integrity changes of machined Ti-6Al-7Nb and Ti5553 
alloys.     
 More corrosion tests in different solutions would be very helpful to develop a 
more comprehensive knowledge on corrosion resistance of the processed 
materials. Additionally, the effect of various machining parameters and 
cooling/lubricating conditions on the corrosion behavior of the machined 
materials needs to be verified by experiments. 
 Wear resistance of biomaterials is a very crucial factor in determining the 
service life of metal implants in the human body. The refined layer with higher 
180 
 
hardness, in which nano-grains have been reported in cryogenic machining, 
needs to be analyzed on terms of any potential benefits to the wear resistance. 
Therefore, a series of wear tests need to be conducted to ascertain its impact.  
 Compressive residual stresses are induced in the surface and sub-subsurface of 
the work materials in cryogenic machining. It is well known that such 
characteristics can be beneficial to the fatigue life of the manufactured 
components. Therefore, fatigue life experiments should be conducted to verify 
this and to directly quantify the impact of cryogenic machining on fatigue life.  
 In order to improve the developed numerical models employed in this 
investigation, the accuracy of applied constants used in the flow stress models, 
friction models, and grain size calculations, needs to be improved. By using 
effective material tests, such as a split Hopkinson pressure bar analysis, can 
minimize or eliminate the need for calibrations between experimental and 
predictive results, and thus provide a more reliable and accurate simulation. 
Also, recent attempts to obtain accurate flow stress data using in-situ analysis 
of machining processes can be further developed to replace time-consuming, 
less-accurate and costly traditional methods.  
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